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Abstract 
Short tandem Repeats (STRs) are the most commonly genetic markers used in forensic human 
identification. However, in some cases they are not able to yield complete profiles because of 
DNA degradation and/or inhibition. The STR profiling of the degraded/inhibited DNA samples 
can result in allelic drop-outs and even no profile at all. Alternatively, single nucleotide 
polymorphisms (SNPs) can be used to address the issues of DNA degradation and inhibition due 
to their smaller amplicons. But their use in regular forensic case work is limited due to 
additional steps (sequencing based) and time consuming process. To bridge the gap between 
STRs and SNPs by combining their characteristics, another type of genetic marker, insertion 
deletion polymorphisms (INDELs), offer an effective way to analyze challenged DNA sample 
(degraded and inhibited ones). INDELs have short amplicons, low mutation rates, no stutter 
peaks and are analyzed using the same equipment and protocols as STR polymorphisms.  
In this study, the forensic efficiency of 30 autosomal INDELs contained within the Qiagen™ 
Investigator™ DIPplex kit were tested by using 500 samples from individuals belonging to five 
different nationalities (Qatari, Pakistani, Sudanese, Tunisian and Yemeni) based in Qatar. 
Population indices and forensic parameters were calculated. The results showed no significant 
deviation from Hardy-Weinberg Equilibrium and no evidence of linkage disequilibrium for all of 
30 markers was found after applying Bonferroni’s correction (P < 0.00166). The Combined 
Power of Discrimination (CPD) for the 30 INDEL loci was 0.9999999 for all of five populations 
which shows that these 30 markers are very efficient and suitable for forensic casework. The 
Combined Probability of Match (CPM) was calculated in the order of 10-13 which is a satisfactory 
value for forensic purposes. In addition to assess forensic efficiency of 30 autosomal INDELs, an 
effort was also made to derive ancestry information by using different statistical systems 
(Arlequin, Snipper and STRUCTURE). The results indicated that 30 INDELs contained in Qiagen™ 
Investigator® DIPplex kit, although useful for forensic identification, poorly differentiate five 
population groups of Qatar. The reason of failure in differentiating the populations, lies in the 
selection of INDEL markers, which were chosen for identification purpose (i.e. they have similar 
allele frequencies in different populations) rather than deriving the ancestry information (i.e. 
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ancestry informative markers are chosen on the basis that their allele frequencies need to be 
different for different populations). 
In order to recover genetic information lost during DNA degradation, the concept of reduced 
sized PCR products (mini amplicons) has been developed. MiniFiler® kit (Applied Biosystems™) 
containing 8 mini-STRs (developed by re-designing the primers of 8 STRs contained in Identifiler 
Plus® kit) provide a possible solution of DNA degradation. By using similar mini-plex approach, a 
multiplex PCR assay for INDELs (named as mini-INDELs) has been developed in this research. A 
total of 14 autosomal INDEL markers were selected and short amplicons were designed for 
them keeping in view that they could perform efficiently on degraded samples. The multiplex of 
14 INDELs was designed and optimized successfully in a single tube reaction. All the markers 
were amplified adequately with good peak balance and expected amplicon sizes. The sensitivity 
of mini-INDELs was found upto 0.03125 ng of genomic DNA with complete and balanced 
profile. The concordance between mini-INDELs kit and Qiagen™ Investigator™ DIPplex kit (for 
the common loci) was observed in 99.7% INDEL alleles. The efficiency of mini-INDELs PCR assay 
was also evaluated on a set of artificially prepared degraded and inhibited DNA samples. 
It is concluded that INDELs markers in general and mini-INDELs in specific, can be used as a 
useful tool in forensic case work and can also be employed in conjunction with STR typing as a 
complementary tool especially in those cases where low level of DNA and DNA degradation  are 
suspected.  
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CHAPTER 1 
INTRODUCTION 
__________________________________________________________________________________ 
1.1 Historical prospective of forensic analysis 
The use of genetic markers for forensic purposes, started with the implementation of ABO 
blood grouping (Landsteiner 1900). These classical markers provided a starting point in serology 
based human identification, but due to their limited power of discrimination (1 in 10) and 
instability in normal environmental conditions, their use was limited (Budimlija et al. 2003). 
Today, 30 major blood group systems have been recognized by the International Society of 
Blood Transfusion. A number of genes and alleles which contribute blood group antigens have 
been characterized. However, in the recent times, the use of serological is limited to medical 
applications. 
The use of protein markers has also been attempted in forensic human identification. The 
sequences of amino acids in some proteins differ among individuals. Isoenzymes, present on 
human red blood cells as well as blood serum, are enzymes with multiple forms which can 
catalyze the same chemical reaction in spite of different sequences of amino acids. Due to this 
property, they can act as genetic markers which can differentiate between people (Budowle et 
al. 1985). The techniques used to separate protein markers into distinct alleles, involved starch 
gel, agarose gel and polyacrylamide gel electrophoresis. Although providing an improved power 
of discrimination (1 in 100) as compared to ABO blood grouping, protein markers were still 
limited.  
The use of DNA in human identification was first reported in 1985 by an English scientist named 
Alec Jeffreys. He discovered the repetitive regions of DNA and found that these regions of DNA 
differ from individual to individual. These DNA repeat regions were called VNTRs which stands 
for variable number of tandem repeats. Dr. Jeffreys examined VNTRs by using a technique 
called restriction fragment length polymorphism (RFLP). This RFLP method involved the use of a 
restriction enzyme to cut the regions of DNA surrounding the VNTRs (Jeffreys et al. 1985; 
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Nakamura et al. 1987).  These DNA fragments of different lengths were separated on an 
agarose gel. Following DNA fragments separation on the agarose gel, a Southern blot was used 
to transfer the DNA fragments from gel to a nylon membrane where alleles were detected 
using radioactive probes (Southern 1975). The use of multi locus VNTRs was limited due to time 
required for their analysis (several days to weeks) and requirement of large amount of DNA 
(>50 ng), which is normally not available from crime scene samples (Patzelt 2004). 
Single locus VNTR probes were adopted in the next phase. Each of single locus probes had a 
large number of alleles and had heterozygosities of around 90%. Several loci of single locus 
probes could be analyzed to generate a genetic profile, which helped in inclusion and exclusion 
of individuals during forensic DNA analysis (Jarman et al. 1986; Wong et al. 1986; Wong et al. 
1987). The limitations of single locus probes were their laborious and time consuming process, 
inability to type degraded samples and difficulty in interpretation of mixtures (Jobling et al. 
2004).  
1.2 Modern Forensic DNA markers 
The advent of polymerase chain reaction (PCR) revolutionized the forensic DNA testing. PCR can 
amplify a target sequence of DNA several million times and it is therefore possible to generate a 
profile by using minute quantities of DNA (Mullis et al. 1986; Kline et al. 2005). PCR reactions 
make the back bone of recent forensic DNA analysis.  
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1.2.1 Short Tandem Repeats (STRs) 
STRs also called microsatellites, are DNA repeat regions of 2-6 base pair in length and occur 
throughout human genome on average every 10,000 nucleotides (Collins et al. 2003). STRs 
required only small amounts of DNA (< 1 ng) to generate a DNA profile and due to the ability to 
co-amplify several polymorphic markers in the same PCR, they are both highly sensitive and 
discriminating when used for human identification (Saiki et al. 1988; Schmerer et al. 1999; 
Butler 2003).  A number of commercial STR kits have been developed and are widely used by 
forensic scientists. The most recent STR kits used in forensic labs are GlobalFiler® (Applied 
Biosystems™), PowerPlex® Fusion (Promega™) and Investigator® 24plex QS (Qiagen™).   
Although STRs are still the most widely used genetic markers, they have some shortcomings, 
which include their relatively large amplicon sizes (150- 450 bp), which can result in poor or 
failed profiling for degraded and inhibited samples (Li et al. 2011; Manta et al. 2012), the 
presence of stutters which can make analysis complex, especially in the case of mixture 
interpretation (LaRue et al. 2012). In addition, their relatively high mutation rates can 
complicate kinship analysis (Weber et al. 2002). 
1.2.2 Y-chromosomal short tandem repeats (Y-STRs) 
STRs markers on the Y-chromosome are another type of genetic markers (lineage markers) 
used in forensic DNA analysis  and is inherited from father (Butler 2006).  
The latest commercial kits available for Y-STRs typing include Y-Filer® Plus (Applied 
Biosystems™) and Powerplex® Y23 (Promega™). Y-STRs are especially helpful in sexual assault 
cases where male DNA can be differentiated even in the presence of many fold amounts of 
female DNA (Kayser 2007). Other applications include human migration and evolutionary 
studies, verifying amelogenin Y deletion, paternity cases especially where male children can be 
linked to a putative paternal relative, which can be valuable when the mother’s sample is not 
available or in fatherless paternity cases where comparisons can be made with male relatives 
(Thangaraj et al. 2002; Kayser et al. 2007; Marjanovic et al. 2009). Another class of STR markers 
on the Y-chromosome is rapidly mutating Y-STRs, which have the ability to differentiate 
between close or distant male relatives (Ballantyne et al. 2012). Although Y-STRs are useful in 
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certain cases, its widespread use is limited due to its haplotype nature and limited 
discriminatory power (Palo et al. 2007).  
1.2.3 X-chromosomal short tandem repeats (X-STRs) 
The X-chromosome is one of the two sex chromosomes in humans. It is the only chromosome 
which has one of the pair inactivated in females (Gunter 2005). The X-chromosome is 153Mb in 
base length and constitutes 5% of female genetic material and 2.5% of males who have single 
copy (Ross et al. 2005). The commercial kit available for typing X-STRs although with limited use 
is Investigator® Argus X-12 kit (Qiagen™).    
The use of X-chromosome STR tying helps in kinship scenarios which involve at least one female 
or in motherless cases, half-sister testing using father as a reference, grandparent-grandchild 
comparisons and paternity testing in incest cases (Barbaro et al. 2006d; Toni et al. 2003; Toni et 
al. 2006). 
1.2.4 Mitochondrial DNA 
Human mitochondrial DNA (mtDNA) is also classified as lineage marker like Y-chromosome 
polymorphisms and is maternally inherited. It has a size of approximately 16,569 bp and most 
of sequence variations are found in two hypervariable (HV) regions called HV-I and HV-II 
(Holland and Parson 1999). Due to the fact that approximately 1000 copies of mtDNA are 
present in each cell and the molecules show some resistance to degradation due to their 
circular nature (Salas et al. 2007), mtDNA became a powerful tool to type highly degraded 
forensic samples (Isenberg 2004, Nelson and Melton 2007, Sudoyo et al. 2008). However, due 
to multiple steps required to generate profiles and the complexities in interpretation, mtDNA 
analysis is limited in regular forensic DNA analysis (Holland et al. 1999, Asari et al. 2007). 
1.2.5 Single Nucleotide Polymorphisms (SNPs) 
A single base sequence variation at a particular point in the genome is called single nucleotide 
polymorphism (SNP). SNPs are widely spread in human genome once every 1000 bases (Venter 
2001). Several groups and institutions such as SNP consortium (Thorisson and Stein 2003; Butler 
2005) have worked to map and characterize huge number of SNPs through different projects 
like HapMap project (Thorisson et al. 2005; Frazer et al. 2007; Altshuler et al. 2010; Jobling et 
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al. 2013) and have developed SNPs databases including HGDP-CEPH Diversity panel and dbSNPs 
(Cann et al. 2002; Rosenberg et al. 2002; Cavalli-Sforza 2005; Li et al. 2008; Fondevila et al. 
2013). SNPs have lower mutation rate than those of STRs (Nachman and Crowell 2000) which 
make them ideal to study human evolutionary pattern and to derive ancestry information 
(Brion et al. 2005). Due to the presence of smaller amplicons, SNPs had been shown to be 
effective when typing degraded DNA (Dixon et al. 2006; Alaeddini et al. 2010).  
The major shortcoming of SNPs is that they are less discriminatory than STRs and about 50 SNPs 
are required to have same discrimination power as 12 STRs (Gill et al. 2001).  In addition to less 
discrimination power, the methodology used for SNP analysis has multiple steps and 
interpretation can be challenging, especially when mixtures are present (Philips et al. 2007). 
1.2.6 Insertion Deletion Polymorphisms (INDELs) 
In recent years, another type of genetic markers called INDELs (Insertions-Deletions) has been 
getting attention from forensic scientists. This is due to the presence of the combined 
advantages of STRs and SNPs:, wide distribution in human genome, their lower mutation rates 
and the use of smaller amplicons and routine genotyping techniques (Li et al. 2011; Manta et al. 
2012; Borsting et al. 2013; Cereda et al. 2014). These characteristics make them ideal 
candidates for forensic applications, especially for the profiling of degraded and inhibited 
samples (Romanini et al. 2012).  
1.2.6.1 INDEL formation 
Several mechanisms have been hypothesized for the formation of INDELs which include the 
slippage of DNA strands during replication or repair as short repetitive sequences (Levinson et 
al. 1987) and deletion in loop regions of DNA secondary structure (Hoot and Douglas 1998; 
Vom and Hachitel 1988). The expansion, contraction and diversification of these INDEL repeat 
regions can happen among different lineages in multiple ways and these INDEL sequences can 
also be independent of flanking regions (Golenberg et al. 1993; Benson and Dong 1999) .Other 
genetic elements such as Alu, L1 and SVA can also be responsible for INDEL variations in 
humans. Alu element can produce insertions of about 300 bp (Comas et al. 2000), while L1 and 
SVA retro transposons can cause insertions in the range of 10 bp to 3 kb in the human genome 
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(Bennett et al. 2004; Mills et al. 2007). Collectively, these elements cause millions of insertions 
in human populations (Beck et al. 2010; Huang et al. 2010). Figure 1.1 illustrates different 
mechanisms of INDELs formation. 
1.2.6.2 Identification of INDELS 
The first large-scale efforts to identify INDELs in the human genome were focused on human 
chromosome 22 and the re-sequencing data from 31 humans for this particular chromosome 
identified 13% of the genetic variations as INDEL polymorphisms (Mullikin et al. 2000; Dawson 
et al. 2001). Later on, several other publications revealed the identification of more INDELs: 
 The identification of 2393 INDELs (1 bp to 543 bp) was carried out in diverse populations 
through the re-sequencing of 330 genes (Bhangale et al. 2005). 
 In a follow-up study, PolyPhred ver. 6.0 was used to identify 1126 additional INDELs in 
the ENCODE regions of the human genome (Bhangale et al. 2006).  
 The mapping of 415,000 unique INDELs, with an average density of one INDEL per 7.2 
kb, was done using a new computational strategy (Mills et al. 2006).  
 A similar re-sequencing technique called PolyScan was developed and used for 
heterozygous INDELs detection (Chen et al. 2007).  
 796,273 small INDELs were reported in a project that was designed to detect structural 
variation in eight diverse humans (Kidd et al. 2008).  
 Recent follow-up studies have reported around 2 million small insertions/deletions 
ranging from 1 bp to 10,000 bp in length in the genomes of 79 diverse humans on 22 
autosomes and X and Y chromosomes (Mills et al. 2011). About 41% of them are 
apparently random DNA sequences and most of them are under 100 bp (Neuvonen et 
al. 2011; Friis et al. 2012; Montgomery et al. 2013).  
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Figure.1.1 Diagram showing different mechanisms of INDELs formation (adopted from Messer 
P.W 2007).  
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1.2.6.3 Applications of INDELS 
1.2.6.3.1 Forensic Application 
The forensic application of INDELs has received attention in the forensic community. The major 
use in this regard remains the recovery of genetic information from challenged samples, i.e. 
degraded and inhibited (Pereira et al. 2012). They are also useful for the interpretation of 
mixtures due to the absence of microvariants products (Carvalho et al. 2011). 
1.2.6.3.2 Kinship analysis 
Kinship analysis is another field of interest where INDELs have been applied. In majority of 
cases, STRs can clearly resolve paternity cases either as inclusion or exclusion due to high levels 
of polymorphism (Amorim et al. 2005). But there are some scenarios when statistical results 
from STRs are ambiguous. For example, the paternity cases in which the alleged father might be 
a close relative of the real father (Karlsson et al. 2007). In these cases, bi-allelic markers such as 
SNPs and INDELs are the alternative choices due to their low mutation rates as compared to 
STRs (Phillips et al. 2007; Pereira et al. 2009; Borsting et al. 2011).  
1.2.6.3.3 INDELS as Ancestry Information Markers (AIMs) 
The main application of Ancestry Information Markers (AIMs) in population genetics is to 
determine ancestry proportions and structures in admixed populations. In forensic genetics, 
AIMs can be used as a useful tool to derive the possible ancestry of the forensic evidence 
(Fridakis et al. 2003; Phillips et al. 2007; Kayser and De Kniff 2011). To predict the biogeographic 
ancestry of unknown evidential samples, STRs are limited due to their high mutation rates and 
similar alleleic distributions in different populations, which can result in wrong assignment of 
population (Phillips et al. 2007). SNPs have a number of characteristics which make them ideal 
to get information for ancestry. They have low rate of mutation, high distribution in the 
genome and varying allele frequency patterns across populations (for some SNPs). However, 
due to the requirement of multiple steps for their typing and complex interpretation of their 
data, their use become limited in the routine forensic laboratories (Fridakis et al. 2003; Phillips 
et al. 2007; Fondevila et al. 2008). 
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Like SNPs, INDELs have also low mutation rate (Nachman and Crowell 2000) and they have high 
distribution of allele frequency among distant populations at some loci (Weber et al. 2002). 
These factors make them ideal candidates as ancestry informative markers. They can also be 
used to identify sub-structure in mixed populations (Santos et al. 2010). Different multiplexes 
for autosomal INDELs were prepared to evaluate distribution and ancestry information of 
diverse populations (Santos et al. 2010; Pereira et al. 2012; Francez et al. 2012; Cardena et al. 
2013; Manta et al. 2013; Zaumsegel et al. 2013; LaRue et al. 2014; Romanini et al. 2014).  
1.2.6.4 Development of INDELs multiplexes  
Several INDEL multiplexes have been developed including in-house (Phillips et al. 2007; Pereira 
et al. 2009; Fondevila et al. 2011; Kis et al. 2012) and one commercial kit for autosomal markers 
(Qiagen™ Investigator® DIPplex). This kit was commercially launched in 2009  and it allows 
simultaneous amplification of 30 biallelic Deletion/Insertion Polymorphisms (DIPs) which 
spread over 19 autosomes and are separated by at least 10 Mb from commercially available 
STRs loci plus a specific fragment of the amelogenin gene as a sex marker, with a maximum 
amplicon length of 160 bp (Qiagen™ Investigator® DIPplex handbook). Since the manufacture of 
the Investigator® DIPplex kit, a number of world populations (Argentinian, Bangladeshi, 
Brazilian, Chinese, German, Somalian, South Korean, Japanese) have been profiled (Larue et al. 
2012; Manta et al. 2012; Martin et al. 2013; Akhteruzzaman et al. 2013; Seong et al. 2013; Pinto 
et al. 2013; Zaumsegel et al. 2013; Nunotani et al. 2015).  
1.2.6.5 Statistical value of INDELS 
The applicability of 30 autosomal INDELs (using Investigator® DIPplex kit) has been proved for 
forensic use and genetic diversity in number of populations (Table 1.1).  A high level of power of 
discrimination has been observed in all of typed populations (> 0.9999). The value of combined 
match probability has been calculated in the range of 10-11 to 10-14 (Pinto et al. 2013; Zaumsegel 
et al. 2013). The mean typical paternity index (TPI) ratios are in the range of 0.800-1.00 (Seong 
et al. 2013; Nunotani et al. 2015). For most of the populations, no deviation from Hardy-
Weinberg equilibrium was observed for any of INDEL markers (Larue et al. 2012; Manta et al. 
2012; Martin et al. 2012; Pinto et al. 2013; Zaumsegel et al. 2013). Table 1.1 shows the 
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comparison of the values of combined power of exclusion and identity for different kits 
compared to Investigator® DIPplex kit. 
Overall, it can be said that 30 INDELs can be used for forensic identification and kinship analysis.  
Table 1.1 Table showing a comparison of CP values for different forensic human identification 
kits (Adapted from Qiagen™ investigator® DIPplex kit Handbook). 
 
* Combined probability of exclusion      
^ Combined probability of identity 
^ Combined probability of match 
 
 
 
 
  
Kits Loci CPE/Trio* CPI/CPM^ Population 
Investigator DIPplex 30 DIPs 0.9980 2.83 x 10-13 German Caucasian 
AmpFlSTR Minifiler 8 STRs 0.999976 8.21 x 10-11 US Caucasian 
AmpFlSTR SEfiler plus 11 STRs 0.999998 7.46 x 10-14 US Caucasian 
Powerplex 16 15 STRs 0.9999994 5.46 x 10-18 US Caucasian 
Sanchez et al.2006 52 SNPs 0.9998 5.00 x 10-21 European Caucasian 
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1.3 Bio-geographical ancestry analysis 
Bio-geographical ancestry analysis is based on human genomic variation which can help in 
deriving the geographical information of a particular population (Rosenberg et al. 2002). Bio-
geographical analysis can help in estimating the ancestry of the donor of crime scene stains, 
identifying missing persons or disaster victims and confirming donor’s self-declared ancestry in 
certain cases (Rohlfs et al. 2012).  
The genetic markers used to derive ancestry information include lineage markers (Y and 
mtDNA) and autosomal markers (STRs, SNPs and INDELs).  
Y and mtDNA variations being haplotypes are preserved in lineages and can correlate strongly 
with geographical regions (Brion et al. 2005; Wetton et al. 2005). However, these linage 
markers can misrepresent an individual’s ethnic origin when distant male/female lineages are 
inherited that have a common ancestry. As co-ancestry in an individual indicates population 
admixture which can wrongly predict an individual’s ancestry (King et al. 2007). In addition, 
with lineage markers, there is a need for much larger databases (such as YHRD/EMPOP) to 
measure haplotype variation covering all the regions of the world uniformly (Willuweit and 
Roewer 2007; Parson et al. 2007).  
SNPs are better predictors of ancestry than STRs due to their low mutation rates i.e. once in 108 
generations while STRs have approximately one in thousands (Barnholtz-Sloan et al. 2005). A 
number of SNPs have been identified as ancestry informative markers that have alleles with 
large frequency differences among different population groups (Shriver and Kittles 2004). Use 
of tri-allelic SNPs in different multiplex also helps in deriving ancestry information effectively 
due to their high population differentiation (Westen et al. 2009). 
The SNPforID developed by several European forensic DNA communities, selected several sets 
of forensic SNPs and developed SNP multiplex assays. They published a 52-plex SNP and 
SNaPshot assay (Sanchez et al. 2006). They and others have also developed a 34-plex and 47-
plex SNP assays using ancestry informative SNPs (Phillips et al. 2007; Kersbergen et al. 2009; 
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Fondevila et al. 2013). Population data were gathered to calculate SNP allele frequency for 
these assays.  
A company DNAPrint (Sarasota, Florida) provided a DNA test for determining a person’s ethnic 
origin with a panel of SNPs (Frudakis et al. 2008). The company targeted pigmentation and 
xenobiotic metabolism genes while selecting AIM-SNPs (Frudakis et al. 2003). 
Next generation sequencing (NGS) will not only help in increasing SNP multiplexing ability but 
will also enhance ancestry panel's informativeness. By using NGS platform (Ion torrent, PGM 
sequencing by Applied Biosystems™ or Miseq sequencing by Illumina™), a large amount of 
genotype data can be generated and population databases can be expanded.  
Two approaches have been tried to derive ancestry information using autosomal STRs i.e. 
either by utilizing existing STR markers or employing specialist STRs with better population 
differentiation. The efforts have been made out to assess the ability of Identifiler Plus® (Applied 
Biosystems™) based 15 STRs for ancestry-informativeness (Londin et al. 2010;  Phillips et al. 
2011) but failed to differentiate the global sample set of 7 populations. But when 36 novel STRs 
including 33 dinucleotide-repeat STRs, were tried, better ancestry information was obtained 
(Pereira et al. 2012). To derive ancestry information, di-nucleotide repeat STR loci were found 
better than those of tri- or tetra-nucleotide repeat loci because they were much more 
differentiated across populations. Although di-nucleotide STRs are not ideal for forensic 
identification purpose due to their high percentage of stutter (usually 30 %) and (Walsh et al. 
1996), they are better in ancestry inference than tetra-nucleotide repeat STRs. Several online 
browsers are available which contain databases of different world populations and can give an 
estimate of ancestry; pop.STR (http://spsmart.cesga.es/popstr.php), Snipper (http:// 
mathgene.usc.es/snipper) PopAffiliator2 (http://cracs.fc.up.pt/nf/popaffiliator2), where STR 
genotypes can be input and assignment probabilities for the population are returned.  
INDELs like SNPs are bi-allelic genetic markers and can provide ancestry information. The 
Marshfield linkage marker sets (http://www.marshfieldclinic.org/mgs/pages/default.aspx? 
page5didp) provide a lot of smaller INDELs and several AIM-INDEL panels were originated from 
these sets. Some AIM-INDEL panels developed include 48 INDELs in three multiplexes (Santos et 
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al. 2010), 48 INDELs in one multiplex (Pereira et al. 2012), and 21 INDELs in one multiplex 
(Zaumsegel et al. 2013). Although AIM-INDELs have not as much informativeness as AIM-SNPs, 
but have the advantage that CE detection is used to detect polymorphic alleles, which is 
available in routine forensic laboratories. Therefore, AIM-INDELs provide a simple tool to derive 
ancestry information from a single test (Pereira et al. 2009).   
Three statistical systems of population comparison can be used for the analysis of bio-
geographical ancestry: Snipper, Principal component analysis (PCA) and STRUCTURE. Each of 
them uses reference population data and deduces results from the comparative patterns of 
variation detected.  
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1.4 Forensic DNA Phenotyping 
When DNA profile obtained from forensic evidence does not get a match with a known suspect 
or in a database, and then the DNA recovered from the scene of a crime cannot help with its 
detection. Alternatively, DNA mass screening can be performed, but this is an expensive 
approach. 
Another way is to derive the information from forensic evidence itself. Attempts have been 
made to predict the appearance of the donor of unknown stain from the evidence itself 
(Sundquist 2010).  Most of the forensic DNA phenotyping revolved around pigmentation i.e., 
variation in the colouration of the human iris, head hair and skin. Research is being carried out 
on other traits also like body height, baldness, age, and face and hair structure (Kayser 2015). 
MC1R gene was used by Forensic Science Service to predict red hair colour (Grimes et al. 2001). 
SLC24A5 gene on chromosome 15 (SNP) was identified in 2005 which impacts pigmentation 
(Lamason et al. 2005). Recently, IrisPlex assay with 6 SNPs has been developed to predict blue 
versus brown eye color (Walsh et al. 2011; Walsh et al. 2012). Since then a number of assay are 
being developed and tested to evaluate external visible characters.  
Although very useful for forensic investigators and much research has been done in the recent 
time, but still forensic DNA phenotyping cannot be implemented in regular forensic case work.  
The major limitations in this regard include artificially altered appearance, multiplex genotyping 
issues, ethical and legal issues (Kayser 2015). It is also very limited in those populations which 
have less variation in pigmentation, for example, when the majority of the population has 
brown eyes and black hair.  
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1.5 DNA Degradation 
Degradation of DNA is usually caused by nuclease enzymes i.e. DNAase (Paabo et al. 2004) 
.Nucleases activity results in fragmentation of DNA into smaller components. When cell 
membrane breaks down and release fluids, then bacteria and fungi grow quickly unless the 
material dries out. Most micro-organisms are capable of breaking down DNA due to the 
presence of nuclease enzymes (Lindahl 1993; Hofreiter et al. 2001). Environmental factors such 
as hot temperature and high humidity accelerate degradation of DNA (Robins and Furey 2001) 
while low temperature preserves DNA for longer period (Willerslev et al. 2004). Chemical 
oxidation is another form of degradation which involves oxidative attack on carbon- carbon 
double bonds of pyrimidines and purines bases of DNA causing break down of ring and base 
modification which results in blocking of replication and hinder the process of amplification 
(Moreira et al. 1998). However, this is not particularly important in a forensic context. 
In order to perform PCR amplification, DNA template should be intact so that primers can bind 
and extension can happen but in case of degraded DNA, break in DNA template will stop the 
extension process and PCR will not be successful (Figure 1.2). The more the degraded DNA 
(exposed longer to environmental insults), the more will be breaks in amplification process and 
less PCR products will be formed (Walsh et al. 1992). 
 
Figure.1.2 Diagram showing the profile of the loss of larger amplicons due to DNA degradation. 
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1.5.1 Ways to address DNA Degradation 
1.5.1.1 Use of Smaller Amplicons 
Use of reduced sized PCR products or amplicons could help degraded DNA to amplify 
successfully (Wiegand and Kleiber 2001). The reduced sized PCR products (mini amplicons) can, 
when the sequence environment allows, be developed from larger sized markers by re-
designing their primers closer to repeat motif in order to get required reduced size (Krenke et 
al. 2002; Hill et al. 2008). A major problem encountered while designing mini primers was that 
only few markers can be put together to get into a single multiplex to accommodate into 
smaller size. This problem was solved by labelling primers with more fluorescent dyes (Asari et 
al. 2015). Now in the latest generation of capillary electrophoresis, it is possible to label primers 
with six fluorescent dyes. The best examples of 6-dye channels are GlobalFiler® and Y-Filer® 
Plus kits (Applied Biosystems™) in which 24 and 27 loci are accommodated in 6-dye chemistry 
respectively.  Another tool to get the desired size of a particular marker is by adding small tail of 
bases, for example, ATCCGG, which helps to expand the size range of the PCR products when 
using CE, to the reverse primer of the marker (Ballard et al. 2002). 
The best example of reduced sized PCR products is MiniFiler® kit (Applied Biosystems™) in 
which 8 STR markers from the Identifiler® kit were re-designed as mini-STRs (Mulero et al. 
2008; Alenizi et al. 2009). While designing mini-STRs of MiniFiler® kit, new primers were used, 
so a concordance was done between two kits and 99.7 % alleles were concordant (Hill et al. 
2007). The MiniFiler® kit was applied to a number of degraded samples and low level DNA and 
was found very effective in recovery of genetic materials (Luce et al. 2009; Muller et al. 2010).  
Another set of commercial kits containing mini-STRs are PowerPlex® ESX and PowerPlex® ESI 
(Promega™) which have been used to type the challenged samples (degraded and inhibited). 
The advantages of mini-STRs over conventional STRs include typing of enzyme-digested DNA 
(Chung et al. 2004), burned and damaged bone samples in mass disasters (Schumm et al. 2004; 
Marjanovic et al. 2009) and telogen hair shafts (Muller et al. 2007). In another comparative 
study, mini-STRs performance was found better than those of conventional STRs and SNPs 
(Opel et al. 2003; Dixon et al. 2006). 
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1.5.1.2 DNA repair 
Degradation of DNA might results in breaking down of double strands of DNA or contains intact 
DNA with single stranded nicks and DNA lesions (Lehmann 2003). Attempts have been made to 
repair DNA to recover genetic information during forensic DNA analysis.  
For example, an enzyme “cocktail” introduced by New England Biolabs (Ipswich, MA), claimed 
to repair DNA damage during DNA degradation is under validation.  
Taq polymerase has been an integral part of PCR amplification in forensic DNA testing. A major 
shortcoming of Taq polymerase is its inability to amplify degraded or/and inhibited DNA 
samples. A new type of DNA polymerase named as Y-family DNA polymerase has been 
developed which is found capable of successfully amplifying the damaged DNA either alone or 
in combination with Taq polymerase (McDonald et al. 2006).  
Another treatment of damaged DNA samples was suggested by using a mixture of DNA 
polymerase and ligase. This repair method can be incorporated as an additional step before 
PCR and can increase the chances of recovering the lost loci. The method has no adverse effect 
on un-damaged samples (Nelson 2009). 
1.5.1.3 Study of protected regions of DNA 
Current research is going on to study nucleosome protected regions in the way to find which 
degree of damage might be done during DNA degradation. According to structural studies on 
nucleosome, DNA are arranged in loose manner in euchromatin and tightly packed in 
heterochromatin (Tan et al. 2011).  On the basis of new findings, new PCR assays can be 
designed which could give better success rate with degraded DNA samples (Ioshikhes et al. 
2006; Radwan et al. 2008). 
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1.6 PCR Inhibition 
PCR inhibitions usually takes place when DNA samples are co-extracted with substances that 
hinders the process of amplification (Hudlow et al. 2011) which results in partial or complete 
loss of loci during amplification process. PCR inhibitors can interact with DNA directly or 
interfere with the DNA polymerases during PCR reaction (Mulero et al. 2008; Larkin et al. 1999).  
Inhibitors can affect cell lysis during extraction of DNA and can inhibit polymerase activity 
through competing with magnesium ions (Akane et al. 1994; Wilson 1997; Radstrom et al. 
2004). Some common PCR inhibitors and their sources are described in Table 1.2. 
The effects of PCR inhibition can be reduced by diluting inhibited DNA sample and then re-
amplifying it, adding more DNA polymerase (Al-Soud and Radstorm 1998), by using additive like 
bovine serum albumin (Comey et al. 1994), betaine (Al-Soud and Radstrom 2001), modifyinf the 
DNA extraction by adding sodium hydroxide (Bourke et al. 1999) or aluminum ammonium 
sulfate (Braid et al. 2003) and finally, by filtering the DNA extracts through silica columns, 
Centricon-100 or Microcon-100 (Comey et al. 1994; Lee et al. 2010). 
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Table 1.2 Table describing some common PCR inhibitors and their sources. 
 
 
 
 
 
 
  
PCR Inhibitor source Reference 
Calcium and Collagen Bone and teeth Opel et al. 2006 
 Kim et al. 2000 
Textile Dyes Denim Jeans Larkin et al. 1999 
Tannic acid 
 
Leather substrates Schrader et al. 2012 
Polysaccharides Feces Monteiro et al. 1997 
Bile salts Feces Lantz et al. 1997 
Urea Urine Mahony et al. 1998 
Melanin Hair/Tissue Eckhart et al. 2000 
Heme Blood Schrader et al. 2012  
Humic acid Soil Sutlovic et al. 2005 
Hudlow et al. 2011 
EDTA 
 
Essential part of TE 
buffer 
Rossen et al. 1992 
Ethanol Extraction process Wiedbrauk et al. 1995 
Phenol 
 
Organic method of 
extraction 
Katcher et al. 1994 
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1.7 Project background  
Qatar is a home of 63 nationalities with a total population of about 2.24 million (Qatar Statistics 
2015). The population of Qatar has grown rapidly in the last ten years with most of the increase 
in population due to the influx of migrant workers from different parts of the world. The crime 
rate is also growing in relation to the growth of population. Like other forensic DNA 
laboratories in the world, Qatar forensic DNA laboratory also depends upon STR chemistry 
(Identifiler Plus® kit from Applied Biosystems™) for forensic DNA analysis. In most of the cases, 
DNA profiling by using STR markers generate satisfactorily results, but in some cases especially 
when degraded and inhibited DNA samples are encountered, no or partial DNA profiles are 
obtained. In order to address the issues of DNA degradation and inhibition, special measures 
are taken which include the modifications in extraction methods and PCR protocols. In many of 
the cases, these modifications in protocols help in recovering the genetic information from the 
challenged DNA samples, but sometimes, due to high level of degradation and inhibition, no or 
little success is achieved. In order to type these challenged DNA samples, there is a need to 
adopt some alternative approach.  
This project was designed by keeping in view the issues of DNA degradation and inhibition 
which are commonly encountered during forensic DNA casework. To achieve this goal, another 
type of PCR chemistry based on INDELs, was investigated with the possibility to incorporate into 
the current flow of DNA casework (based on STRs). In order to incorporate INDELs into the 
regular forensic case work stream like STRs, the forensic efficacy of INDELs was evaluated using 
samples from different populations residing in Qatar.  
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1.8 Aims of Study  
The aim of current research is to evaluate the use of INDELs as a tool for forensic genetics 
within the context of Qatar. In order to achieve these specific aims, following objectives have 
been set: 
(a) To calculate the forensic efficiency of autosomal INDELs by using genetic data generated 
from 5 populations groups based in Qatar 
(b) To compare the forensic parameters between INDELs and STRs through the analysis of 
their data to evaluate their respective importance in forensic case work.  
(c) To assess the effectiveness of INDELs and STRs to derive ancestry information. 
(d) To develop a multiplex PCR assay with reduced amplicon length that can help to address 
the issue of DNA degradation. 
(e)  To validate the mini-INDELs multiplex assessing reproducibility, sensitivity and 
performance with high molecular weight and challenged DNA samples.  
(f) To calculate the statistical values of mini-INDEL markers and assess their potential use as 
an independent identification tool or in conjunction with conventional STR markers. 
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CHAPTER 2 
GENERAL METHODS AND MATERIALS 
__________________________________________________________________________________ 
2.1 OVERVIEW  
The general methods and materials described in this Chapter were used in the research to carry 
out in this study. Methods employed involving specific elements of the research have been 
described in the relevant Chapters.  
Standard laboratory procedures were used while carrying out this research. Contamination was 
minimized by using lab coats, disposable gloves and masks. The extraction and PCR reactions 
were performed alongside negative and positive controls to identify any sporadic 
contamination. Bench surfaces were thoroughly cleaned with 10% bleach (sodium hypochlorite) 
before performing any experiment.  PCR reactions were performed in dedicated PCR hoods. 
Pre-PCR and Post-PCR reactions were carried out in separate areas. Depending upon the nature 
of experiments, the samples were prepared in triplicate to maintain the accuracy and precision.  
2.2 Sample Collection 
Buccal swabs from 500 unrelated individuals residing in Qatar were collected with informed 
consent. These comprised of 100 individuals identified (both self-identified and through 
Nationality) as Qatari, Pakistani, Sudanese, Yemeni and Tunisian.  
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2.3 DNA Extraction  
Genomic DNA was extracted from buccal swabs by using phenol-chloroform-isoamyl alcohol 
(Sigma-Aldrich™, UK). This method of extracting DNA is commonly known as the organic 
method. Half of the buccal swab was used as substrate for the extraction of DNA. A volume of 
400 μl of stain extraction buffer (1 M Tris, 1M NaCl, 0.5 M EDTA and 20% sodium dodecyl 
sulphate) and 15 μl of 20 mg/ml of proteinase K (Sigma-Aldrich™, UK), were added to the 
substrate in a 1.5 ml microcentrifuge tube. The mixture was incubated for 2 h at 56 °C with 
constant shaking at 70 x g. After incubation, each sample was briefly vortexed and centrifuged 
at maximum speed (20,000 x g) for 1 min. The substrate was transferred to a basket 
(Promega™, USA) which was fitted on the same 1.5 ml microcentrifuge tube. The tube was 
centrifuged at full speed (20,000 x g) for 3 min and the basket containing dried swab head was 
thrown away. The clear lysate was transferred to a new Maxtract High density gel tube 
(Qiagen™, Germany). A volume of 400 μl of phenol-chloroform-isoamyl alcohol (PCI) mixture 
was added to the same gel tube and vortexed for approximately 2 min until an emulsion 
formed. The tube was then centrifuged at maximum speed (20,000 x g) for 5 min and then the 
aqueous layer containing DNA was transferred to a new labelled 1.5 ml microcentrifuge tube 
fitted with Microcon® ( Merck™ Millipore). The tube was capped and centrifuged at 500 x g for 
15 min. Then the Microcon® was removed from the tube and placed onto a new 
microcentrifuge tube. A volume of 300 μl of TE buffer (10 mM Tris-HCl and 0.1 M EDTA) was 
added to the Microcon® and the tube was again centrifuged at 500 x g for 10 min. Then, a 
volume of 100 μl of TE buffer (10 mM Tris-HCl and 0.1 M EDTA pH 8) was added to the filter of 
Microcon® and incubate at room temperature for 5 min. Then Microcon® was removed from 
tube and flipped on the new labeled 1.5 ml tube. The tube containing flipped Microcon® was 
centrifuged at 1000 x g for 5 min. After that, the Microcon® was removed and discarded and 
1.5 ml tube with eluted DNA was stored at -20 °C for further use.  
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2.4 DNA Quantification 
The extracted DNA samples were quantified using Quantifiler® Human Trio kit (Applied 
Biosystems™) on an ABI 7500 Real time PCR System (Applied Biosystems™) according to the 
manufacturer’s recommended protocols.  
The quantification was performed using 10 μl of reaction mix, 8 μl of primer mix and 2 μl of 
DNA (total volume of 20 μl). Five DNA standards were utilized (50 ng, 5 ng, 0.5 ng, 0.05 ng and 
0.005 ng) to run along with the samples (see Table 2.1). 
Firstly, 10 μl of reaction mix and 8 μl of primer mix for each sample were mixed together and 
then 18 μl of the mix was loaded into each well of the MicroAmp optical 96-well reaction plate. 
Then, 2 μl of DNA standard dilutions and the DNA samples were loaded into corresponding 
wells. After loading, the optical adhesive cover was used to seal the plate. The plate was then 
centrifuged at 250 x g for 1 min using 5740 centrifuge (Eppendorf™, Germany) to remove any 
air bubbles.  
Then plate was loaded on the ABI 7500 Real-Time PCR machine. The thermal cycler protocol 
was used  per manufacturer’s instructions: stage 1, 95 °C for 2 min for 1 cycle; stage 2 at 95 °C 
for 9 s followed by 60 °C for 30 s for 40 cycles. After each run, the data were analyzed and DNA 
concentration for each sample was estimated in ng/μl. 
Table 2.1 Table showing the preparation of standards used in Applied Biosystems™ Quantifiler® 
Human Trio kit. 
Standard Concentration 
(ng/ μl) 
Example Volumes Dilution 
Factor 
STD.1 50 10 μl (100 ng/μl of stock) + 10 μl of dilution 
buffer 
2X 
STD.2 5.000 10 μl (STD.1) + 10 μl of dilution buffer 10X 
STD.3 0.500 10 μl (STD.2) + 10 μl of dilution buffer 10X 
STD.4 0.050 10 μl (STD.3) + 10 μl of dilution buffer 10X 
STD.5 0.005 10 μl (STD.4) + 10 μl of dilution buffer 10X 
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2.5 Amplification of STRs 
The amplification of 15 STRs and amelogenin was performed using Applied Biosystems™ 
Identifiler Plus® kit using a ABI Thermal cycler 9700 (Applied Biosystems™).  
2.5.1 Amplification of STRs using Identifiler Plus® Kit 
The PCR mix was made using half volume for each sample by mixing 5 μl of reaction mix and 2.5 
μl of primer mix. Then, a total volume of 5 μl containing nuclease-free water and template DNA 
was added (volumes based on quantity of DNA). Positive and negative controls were also 
included in each batch of samples for quality control purpose. The ABI thermal cycler 9700 was 
programmed using the conditions outlined in Table 2.2.  
After the cycling protocol was completed, PCR products were stored at –20 °C prior to analysis. 
Table 2.2 Table showing the standard PCR protocol for Applied Biosystems™ Identifiler Plus® kit 
(Taken from the Identifiler Plus® kit Handbook). 
Temperature Time Number of cycles 
95 ◦C 11 min 1 
94 ◦C 
59 ◦C 
20 s 
3 min 
 
27 cycles 
60 ◦C 10 min 1 
4 ◦C ∞  
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2.6. Amplification of INDELs 
The amplification of 30 biallelic INDELs and amelogenin was carried out using Qiagen™ 
Investigator® DIPplex kit using  ABI Thermal cycler 9700 (Applied Biosystems™).  
2.6.1 Amplification of INDELs using Investigator® DIPplex Kit 
The master mix was made for each sample using reaction mix of 1.25μl, primer mix of 1.25 μl 
and 0.15 μl of Multi Taq2 DNA Polymerase. Then, the nuclease-free water and template DNA 
(volumes based on quantity of DNA) were added to bring final volume of 6.25 μl. Positive and 
negative controls were also included in each batch of samples for quality control purpose. The 
ABI thermal cycler 9700 was programmed using the conditions outlined in Table 2.3.  
After the cycling protocol was completed, PCR products were stored at –20 °C prior to analysis. 
Table 2.3 Table showing the standard PCR protocol for Qiagen™ Investigator® DIPplex kit, 
(Taken from the Investigator® DIPplex kit Handbook). 
Temperature Time Number of cycles 
94 ◦C 4 min 1 
94 ◦C 
61 ◦C 
72 ◦C 
30 s 
120 s 
75 s 
 
30 cycles 
68 ◦C 60 min 1 
10 ◦C ∞  
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2.7 Capillary Electrophoresis 
DNA fragment analysis was carried out on 3130XL Prism Genetic Analysers (Applied 
Biosystems™) using 36 cm long capillaries and POP-4. Following parameters were used: run 
temperature 60 °C, injection time 10 s, injection voltage 1.6 kVs and run voltage 15 kV.  
For fragment analysis, samples were prepared by adding 1 μl of PCR product to 8.5 μl of Hi-Di 
formamide and 0.5 μl LIZ-500 internal size standard (Applied Biosystems™). Then, the samples 
were denatured for 3 min at 95 °C and then placed on ice for 3 min. 
2.8 Data Analysis 
The data obtained from the capillary electrophoresis (CE) were analysed using GeneMapper® 
Software v4.1 (Applied Biosystems™) and DIP sorter software (Qiagen™). The analysis 
parameters used in GeneMapper® software for the data were kept the same for every 
experiment (Table 2.4). DIP sorter software developed by Qiagen™ was used to convert INDEL 
profiles into excel format which later on, was used conveniently for statistical calculations.   
Table 2.4 Table showing the parameters used for the analysis of PCR fragments using 
GeneMapper® Software v4.1. 
Parameters Values 
Analysis Range Partial Range (2200-15000) 
Baseline Window 51 pts (points) 
Minimum Peak Half Width 2 pts 
Peak Detection 50 RFU 
Peak Window Size 15 pts 
Polynomial Degree 3 pts 
Size Call Range All Sizes 
Size Calling Method Local Southern 
Slope Threshold for peak start/end 0-0 
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2.9 Statistical Analysis 
The genetic data were analysed from both markers (INDELs and STRs) to evaluate their 
comparative forensic importance in situations like paternity testing and individual 
identifications. Forensic parameters which included Discrimination Power (DP), Match 
Probability (MP) and Polymorphic Information Content (PIC), Typical Paternity Index (TPI) and 
Power of Exclusion (PE), were estimated using Powerstats V12 software (Tereba 1999). Table 
2.5 showing the formulae of different forensic parameters. 
Population indices which included Observed Heterozygosity (Ho), Expected Heterozygosity (He) 
and P-value for Hardy–Weinberg Equilibrium (HWE), FST value and estimation of linkage 
disequilibrium (LD) for each pair of INDEL markers in the Investigator™ DIPplex kit were 
calculated for each INDEL with Arlequin 3.5 software (Excoffier et al. 2010). 
STRUCTURE 2.3.4 software (Pritchard et al. 2010) was used to estimate the population 
structure based on the STR and INDEL data. This software used a Bayesian probabilistic 
clustering approach to estimate the population of individuals on the basis of genetic data. 
An online software called Snipper app suite v2.0 (Phillips et al. 2007) was also used to predict 
ancestral origin of individuals. This programme was based on a Bayesian system and could be 
used to identify ancestry and also estimate misclassification rates by testing CEPH human 
genome diversity cell line panel containing samples of known geographic origin. 
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 Table 2.5 Table showing the formulae of different forensic parameters along with their 
explanations.  
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CHAPTER 3 
FORENSIC EVALUATION OF AUTOSOMAL INDELS IN QATAR 
________________________________________________________________ 
 
3.1. OVERVIEW 
INDEL polymorphisms have been studied in different parts of the world, but the Gulf region in 
general and Qatar in particular have no data relating to its different resident populations. In this 
Chapter, INDEL data have been generated from 500 individual’s samples from the five 
population groups (Qatari, Pakistani, Sudanese, Yemeni and Tunisian) based in Qatar using the 
Investigator® DIPplex kit (Qiagen™). At the same time, 15 STRs (using Applied Biosystems™ 
Identifiler Plus® kit) have also been genotyped for the same 500 DNA samples (which have been 
used for INDELs analysis) to compare the forensic efficiency with that of INDELs. 
The generated data were statistically analyzed for both systems (INDELs and STRs) to evaluate 
their comparative forensic importance in situations like paternity testing and individual 
identifications using the parameters Discrimination Power (DP), Match of Probability (MP) and 
Polymorphic Information Content (PIC), Typical Paternity Index (TPI) and Power of Exclusion 
(PE), Hardy–Weinberg equilibrium (HWE) and linkage disequilibrium (LD). 
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3.1.1. Objectives and Aims 
The aim of the current research was to evaluate the use of INDELs as a tool for forensic genetics 
within the context of Qatar. To achieve this, following objectives were set. 
(a) To optimise and validate the INDEL system for processing of crime scene and reference 
samples. 
(b) To generate and evaluate the population genetic data of 30 autosomal INDELs (using 
QIAGEN™ Investigator® DIPplex kit) using different population groups based in Qatar. 
(c) To generate and evaluate the population genetic data of 15 autosomal STRs (using 
Applied Biosystems™ Identifiler® plus kit) using different population groups based in 
Qatar.  
(d) To compare INDELs and STRs to evaluate their respective importance in forensic case 
work.  
3.2. Materials and Methods 
The methods and statistical analysis used in this Chapter was already described in Chapter2. 
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3.3. RESULTS  
3.3.1 Optimisation of Investigator® DIPplex Kit 
INDELs analysis using Investigator® DIPplex kit (Qiagen™) was optimised in terms of quantity of 
input genomic DNA (sensitivity) and reaction volume of PCR mix. 
3.3.1.1 Optimisation of Input DNA (Sensitivity study) 
The sensitivity study for DIPplex kit was designed to determine the minimum amount of DNA at 
which samples could generate a good quality profile with sufficient peak height ratio and well-
balanced peaks. Three different amounts of genomic DNA (9947A) were tested (0.1 ng, 0.3 ng 
and 0.5 ng).  
The sensitivity results of DIPplex kit indicated that its loci were capable of amplifying efficiently 
for 0.5 ng with good peak heights and quality profiles, but drop-out of alleles were observed for 
each of the samples 0.1 ng and 0.3 ng (Table 3.1 and Figure 3.1). 
Table 3.1 Table showing the sensitivity results of DIPplex kit for different quantity of input DNA 
including the number of drop outs from total number of alleles and average peak heights(n = 3). 
 
DNA 
concentration (ng) 
# of alleles drop-out 
(out of 14 alleles in blue dye) 
Average Peak 
Heights (RFU) 
Std. Deviation 
for peak heights 
(RFU) 
0.1 2 900 150 
0.3 2 1500 300 
0.5 0 2500 100 
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Figure 3.1  Original traces showing the electropherogram of the Qiagen™ Investigator® DIPplex 
Kit using 0.1 ng, 0.3 ng and 0.5 ng Control DNA 9947A (arrows indicate the drop outs of alleles); 
n = 3 
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3.3.1.2 Optimisation of reaction volume 
To determine the optimum reaction volume of PCR mix, a set of volumes of one half, one 
quarter and one fifth of the recommended 25 μl was tested using 0.5 ng of control DNA 
(9947A).  The results showed that all of three reaction volumes were capable of amplifying all of 
the loci efficiently. The volume of one half and one quarter were better than that of one fifth in 
terms of peak balance, peak morphology and peak height (Table 3.2 and Figure 3.2).  
Table 3.2 Table showing the sensitivity results of Qiagen™ Investigator® DIPplex kit for different 
quantity of input DNA including the number of drop-outs from total number of alleles and 
average peak heights (n = 3). 
 
 
  
PCR Reaction 
Volume 
# of alleles drop-out 
 (out of 14 alleles in blue dye) 
Average Peak 
Heights (RFU) 
Std. Deviation for 
peak heights 
(RFU) 
One Half 0 1000 200 
One Quarter 0 1800 150 
One Fifth 0 700 200 
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Figure 3.2 Original traces indicating the electropherogram of 0.5 ng of control DNA 9947A 
amplified using one half, one quarter and one fifth volume of PCR mix with Qiagen™ 
Investigator® DIPplex kit (arrows indicate the poor peak morphology); n = 3 
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3.3.2 Quantification of DNA samples 
DNA samples extracted from 500 individuals were quantified using Quantifiler® Human Trio kit 
(Applied Biosystems™). While quantifying the samples, two sets of DNA standards were run to 
get accuracy in results (Figure 3.3).  
Quantifiler® Human Trio kit provides information about the quality and quantity of DNA in four 
ways i.e. IPC (internal positive control) which can give an indication of inhibition and large 
autosomal target. In turn, this reveals the presence of quantity of DNA for larger amplicons, the 
small autosomal target indicated the quantity of DNA for smaller amplicons and Y-chromosome 
target quantified male DNA. To predict the degradation in a DNA sample, degradation index can 
be derived by dividing amounts of large autosomal to small autosomal. Table 3.3 shows the 
quantification results (ng/μl) of five Qatari DNA samples (from the total elution volume of 100 
μl).  
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Figure 3.3 Data showing an example of two standard curve plots, each containing small 
Autosomal, large Autosomal, and male CT values for five standards.  
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Table.3.3 Table showing the quantitation results of five Qatari samples using Applied 
Biosystems™ Quantifiler® Human Trio kit. 
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3.3.3 DNA profiling of 500 samples 
A total of 500 DNA samples from individuals belonging to five nationalities based in Qatar were 
amplified using Investigator® DIPplex kit (Qiagen™) and Identifiler Plus® kit (Applied 
Biosystems™). ABI Thermal cycler 9700 (Applied Biosystems™) was used to perform the 
amplification process for INDELs and STRs using the Manufacturers’ recommended protocols, 
apart from the reduced volume. 
The results of the DNA profiling showed that 95% of the samples were amplified successfully in 
their first batches using 0.5 ng DNA templates with Investigator® DIPplex and Identifiler Plus® 
kits. In order to achieve 0.5 ng of target DNA concentration, required volume of eluted DNA 
was added directly from the stock of eluted DNA. For example, if DNA concentration was 0.1 
ng, then a volume of 5 μl was used. In the cases, where samples contained high quantity of 
DNA, required dilutions of samples were made. For example, if DNA concentration was 5 ng, 
then a  dilution of ten was done by diluting DNA sample 10 times to achieve 0.5 ng 
concentration. For a few samples, where quantification of DNA was very low, the samples were 
re-extracted with the remaining substrate using an extended incubation time (for 3-4 h) and 
decreased elution volume (50 μl). These re-extracted samples were re-quantified to confirm 
that the required amount of DNA had been achieved for amplification process.  
For each batch of amplification for INDELs and STRs (i.e. 90 samples), 3 allelic ladders were run 
along with the samples to get consistent and precise results. Negative and positive controls 
were also run along with each batch of samples to detect any contaminations. 
The amplified DNA from the samples was detected on Applied Biosystems™ Genetic Analysers 
310, 3130XL and 3500 according to recommended protocols in different batches.  
GeneMapper® Software v4.1 (Applied Biosystems™) was used to analyse the data generated 
during capillary electrophoresis. DIP sorter software developed by Qiagen™ was used to 
convert INDEL profiles into excel format which was used for statistical calculations. Most of the 
DNA profiles generated from INDELs and STRs had good quality peaks with good morphology 
and reasonable heights. In some profiles, pull ups, split peaks and other artefacts were 
observed, and then these poor quality samples were re-injected with reduced amount of PCR 
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products (0.5 μl) to achieve quality profiles. Some profiles generated during the analysis of 
INDELs and STRs are shown in Figures 3.4-3.11.   
  
Figure 3.4 Original trace indicating a DNA profile generated from a Qatari sample using 
Qiagen™ Investigator® DIPplex kit. 
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Figure 3.5 Original trace indicating a DNA profile generated from a Pakistani sample using 
Qiagen™ Investigator® DIPplex kit. 
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Figure 3.6 Original trace indicating a DNA profile generated from a Sudanese sample using 
Qiagen™ Investigator® DIPplex kit. 
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Figure 3.7 Original trace indicating a DNA profile generated from a Yemeni sample using 
Qiagen™ Investigator® DIPplex kit. 
44 
 
 
Figure 3.8 Original trace indicating a DNA profile generated from a Tunisian sample using with 
Qiagen™ Investigator® DIPplex kit. 
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Figure 3.9 Original trace indicating the electropherogram of the allelic ladder of Qiagen™ 
Investigator® DIPplex kit containing all the alleles. 
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Figure 3.10 Original trace indicating the DNA profile generated from control DNA 9947A using 
Applied Biosystems™ Identifiler Plus® kit.  
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Figure 3.11 Original trace indicating the Electropherogram of the allelic ladder of Applied 
Biosystems™ Identifiler Plus® kit containing all the alleles. 
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3.3.4 Statistical Analysis of INDELs Data 
Allele frequencies, expected and observed heterozygosities, exact test of Hardy-Weinberg 
equilibrium, exact tests of linkage disequilibrium and FST genetic distances were calculated for 
500 INDEL profiles with Arlequin v3.5 software (Excoffier et al. 2010). While forensic 
parameters were assessed using PowerStats V12 software (Tereba 1999). The allele frequencies 
and forensic efficiency parameters for the 30 INDEL loci in the five population groups in Qatar 
are shown in Tables 3.4-3.8. 
3.3.4.1 Allele frequencies 
The variation in allele frequencies for five population groups is illustrated using HLD77 locus in 
Figure 3.12. The allele frequencies for HLD77- for five populations ranged from 0.61 (Tunisian) 
to 0.73 (Sudanese). 
 
Figure 3.12 Bar diagram showing allele frequencies for deletion and insertion alleles of HLD77 
locus.   
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3.3.4.2 HWE 
While calculating the p- value for Hardy-Weinberg equilibrium, 4 (Qataris), 7 (Pakistanis), 5 
(Sudanese), 8 (Yemenis) and 6 (Tunisians) loci showed departure (P < 0.05). But, after applying 
Bonferroni’s correction at P < 0.00166 (0.05/30), there was no deviation from Hardy-Weinberg 
equilibrium. The expected heterozygosities ranged from 0.290 (Sudanese) to 0.500 (Tunisian) 
with a mean value of 0.395, while the observed heterozygosities ranged from 0.250 (Sudanese) 
to 0.770 (Pakistani) with a mean value of 0.510. Figure 3.13 showed the comparative values of 
observed and expected heterozygosities of one locus as an illustration. 
 
Figure 3.13 Showing the values of observed and expected heterozygosities for HLD77 locus.   
3.3.4.3 Linkage disequilibrium 
The pairwise linkage disequilibrium (LD) between 30 INDEL loci in each population group of 
Qatar was also tested (Table 3.9). The results revealed that 32 pairs in Qataris, 34 pairs in 
Pakistanis, 30 pairs in Sudanese, 23 pairs in Tunisians and 36 pairs in Yemenis were detected 
demonstrating significant linkage disequilibrium (P < 0.05) but after applying Bonferroni’s 
correction, there was no significant linkage disequilibrium among INDELs on the same 
chromosome. So, the assumption of independence among all the 30 markers is reasonable for 
the five populations of Qatar. 
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3.3.4.4 Pairwise FST values 
The pairwise FST values were also calculated for five populations using INDELs data. The 
comparison of pairwise FST values using 30 INDELs among 5 tested populations revealed that 
Qatari and Yemeni had the lowest pairwise FST value (0.00052). Pakistani showed the highest 
pairwise FST values (0.0108 to 0.03112) in combinations with other populations (Table 3.10). 
3.3.4.5 Forensic parameters 
The forensic suitability of the DIPplex loci was also evaluated for all the five population groups 
in Qatar (Table 3.4-3.8).  The Combined Power of Discrimination (CPD) for the 30 INDEL loci was 
0.9999999 for all of five populations. The Combined Probability of Match (CPM) was calculated 
in the range of 1.05 x 10-12 (Qatari) to 9.95 x 10-13 (Tunisian). The Combined Probability of 
Exclusion (CPE) was found to be in the range of 0.9963 (Sudanese and Yemeni) to 0.9974 
(Pakistani).  
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Table.3.4. Table summarizing the forensically relevant parameters of 30 DIPplex INDELs for 
Qatari population, n = 100 (DIP, Deletion Insertion Alleles frequencies, PIC, Polymorphic 
Information Content; PD, Power of Discrimination; PM, Probability of Match; PE, Power of 
Exclusion; TPI, Typical Paternity Index; Ho, Observed Heterozygosity; He, Expected 
Heterozygosity, HWE, P-value for Hardy–Weinberg Equilibrium). 
QATARI DIP(-) DIP(+) PIC PD PM PE TPI Ho He HWE 
HLD77 0.65 0.35 0.35 0.58 0.42 0.19 1.00 0.50 0.46 0.38 
HLD45 0.40 0.60 0.36 0.63 0.37 0.14 0.89 0.44 0.48 0.41 
HLD131 0.42 0.59 0.37 0.63 0.37 0.15 0.91 0.45 0.49 0.54 
HLD70 0.32 0.69 0.34 0.59 0.41 0.11 0.82 0.39 0.43 0.36 
HLD6 0.59 0.42 0.37 0.62 0.38 0.16 0.94 0.47 0.49 0.84 
HLD111 0.47 0.53 0.37 0.64 0.36 0.15 0.93 0.46 0.50 0.43 
HLD58 0.54 0.46 0.37 0.65 0.35 0.14 0.89 0.44 0.50 0.32 
HLD56 0.22 0.78 0.28 0.51 0.49 0.06 0.71 0.30 0.34 0.24 
HLD118 0.67 0.33 0.34 0.57 0.43 0.19 1.00 0.50 0.44 0.26 
HLD92 0.43 0.57 0.37 0.58 0.42 0.25 1.14 0.56 0.49 0.22 
HLD93 0.53 0.47 0.37 0.63 0.37 0.17 0.96 0.48 0.50 0.69 
HLD99 0.45 0.56 0.37 0.59 0.41 0.24 1.11 0.55 0.50 0.32 
HLD88 0.37 0.63 0.36 0.62 0.38 0.14 0.89 0.44 0.47 0.67 
HLD101 0.45 0.56 0.37 0.63 0.37 0.16 0.94 0.47 0.50 0.68 
HLD67 0.47 0.54 0.37 0.66 0.34 0.12 0.85 0.41 0.50 0.07 
HLD83 0.52 0.49 0.37 0.57 0.43 0.28 1.22 0.59 0.50 0.11 
HLD114 0.48 0.53 0.37 0.60 0.41 0.24 1.11 0.55 0.50 0.42 
HLD48 0.55 0.45 0.37 0.66 0.34 0.10 0.81 0.38 0.50 0.03 
HLD124 0.56 0.45 0.37 0.53 0.47 0.33 1.35 0.63 0.50 0.01 
HLD122 0.61 0.40 0.36 0.57 0.43 0.24 1.11 0.55 0.48 0.21 
HLD125 0.46 0.55 0.37 0.58 0.42 0.26 1.16 0.57 0.50 0.16 
HLD64 0.36 0.65 0.35 0.60 0.40 0.15 0.91 0.45 0.46 0.83 
HLD81 0.64 0.37 0.36 0.53 0.47 0.28 1.22 0.59 0.47 0.01 
HLD136 0.25 0.75 0.30 0.54 0.46 0.10 0.81 0.38 0.38 1.00 
HLD133 0.61 0.40 0.36 0.60 0.40 0.20 1.02 0.51 0.48 0.68 
HLD97 0.62 0.38 0.36 0.61 0.39 0.17 0.96 0.48 0.47 1.00 
HLD40 0.64 0.36 0.35 0.60 0.40 0.15 0.93 0.46 0.46 1.00 
HLD128 0.57 0.44 0.37 0.62 0.38 0.18 0.98 0.49 0.49 1.00 
HLD39 0.49 0.52 0.37 0.63 0.37 0.18 0.98 0.49 0.50 0.84 
HLD84 0.29 0.71 0.33 0.58 0.42 0.07 0.74 0.32 0.41 0.03 
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Table.3.5. Table summarizing the forensically relevant parameters of 30 DIPplex INDELs for 
Pakistani population, n = 100  (DIP, Deletion Insertion Alleles frequencies, PIC, Polymorphic 
Information Content; PD, Power of Discrimination; PM, Probability of Match; PE, Power of 
Exclusion; TPI, Typical Paternity Index; Ho, Observed Heterozygosity; He, Expected 
Heterozygosity, HWE, P-value for Hardy–Weinberg Equilibrium). 
PAKISTANI DIP(-) DIP(+) PIC PD PM PE TPI Ho He HWE 
HLD77 0.62 0.39 0.36 0.60 0.40 0.18 0.98 0.49 0.48 0.83 
HLD45 0.31 0.69 0.34 0.59 0.41 0.10 0.81 0.38 0.43 0.25 
HLD131 0.47 0.53 0.37 0.66 0.34 0.10 0.81 0.38 0.50 0.02 
HLD70 0.36 0.65 0.35 0.62 0.38 0.11 0.82 0.39 0.46 0.13 
HLD6 0.52 0.49 0.37 0.66 0.34 0.12 0.85 0.41 0.50 0.07 
HLD111 0.53 0.48 0.37 0.63 0.37 0.18 0.98 0.49 0.50 0.84 
HLD58 0.59 0.42 0.37 0.62 0.38 0.18 0.98 0.49 0.49 1.00 
HLD56 0.35 0.65 0.35 0.62 0.38 0.06 0.71 0.30 0.46 0.01 
HLD118 0.66 0.34 0.35 0.60 0.40 0.14 0.89 0.44 0.45 0.83 
HLD92 0.46 0.55 0.37 0.65 0.35 0.12 0.85 0.41 0.50 0.11 
HLD93 0.61 0.39 0.36 0.62 0.38 0.15 0.93 0.46 0.48 0.83 
HLD99 0.39 0.62 0.36 0.63 0.37 0.12 0.85 0.41 0.48 0.21 
HLD88 0.47 0.53 0.37 0.66 0.34 0.10 0.81 0.38 0.50 0.02 
HLD101 0.44 0.57 0.37 0.61 0.39 0.20 1.02 0.51 0.49 0.84 
HLD67 0.49 0.51 0.37 0.61 0.39 0.21 1.04 0.52 0.50 0.84 
HLD83 0.70 0.30 0.33 0.58 0.42 0.13 0.86 0.42 0.42 1.00 
HLD114 0.66 0.35 0.35 0.59 0.41 0.16 0.94 0.47 0.45 0.83 
HLD48 0.57 0.44 0.37 0.64 0.36 0.15 0.91 0.45 0.49 0.42 
HLD124 0.54 0.47 0.37 0.38 0.62 0.54 2.17 0.77 0.50 0.01 
HLD122 0.51 0.49 0.37 0.60 0.40 0.22 1.09 0.54 0.50 0.55 
HLD125 0.38 0.63 0.36 0.52 0.48 0.30 1.28 0.61 0.47 0.01 
HLD64 0.25 0.75 0.30 0.54 0.46 0.07 0.74 0.32 0.38 0.18 
HLD81 0.55 0.46 0.37 0.45 0.55 0.44 1.72 0.71 0.50 0.01 
HLD136 0.43 0.58 0.37 0.61 0.39 0.20 1.02 0.51 0.49 0.84 
HLD133 0.64 0.36 0.35 0.62 0.38 0.13 0.86 0.42 0.46 0.39 
HLD97 0.54 0.46 0.37 0.64 0.36 0.15 0.93 0.46 0.50 0.55 
HLD40 0.68 0.32 0.34 0.60 0.40 0.10 0.81 0.38 0.44 0.25 
HLD128 0.55 0.46 0.37 0.60 0.40 0.22 1.06 0.53 0.50 0.55 
HLD39 0.45 0.56 0.37 0.65 0.35 0.12 0.85 0.41 0.50 0.10 
HLD84 0.44 0.57 0.37 0.64 0.36 0.15 0.91 0.45 0.49 0.42 
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Table.3.6. Table summarizing the forensically relevant parameters of 30 DIPplex INDELs for 
Sudanese population, n = 100  (DIP, Deletion Insertion Alleles frequencies, PIC, Polymorphic 
Information Content; PD, Power of Discrimination; PM, Probability of Match; PE, Power of 
Exclusion; TPI, Typical Paternity Index; Ho, Observed Heterozygosity; He, Expected 
Heterozygosity, HWE, P-value for Hardy–Weinberg Equilibrium). 
 SUDANESE DIP(-) DIP(+) PIC PD PM PE TPI Ho He HWE 
HLD77 0.73 0.27 0.32 0.56 0.44 0.07 0.74 0.32 0.40 0.07 
HLD45 0.46 0.55 0.37 0.58 0.42 0.26 1.16 0.57 0.50 0.16 
HLD131 0.39 0.61 0.36 0.59 0.41 0.21 1.04 0.52 0.48 0.41 
HLD70 0.29 0.72 0.32 0.57 0.43 0.05 0.68 0.27 0.41 0.01 
HLD6 0.70 0.30 0.33 0.57 0.43 0.14 0.89 0.44 0.42 0.81 
HLD111 0.50 0.51 0.37 0.64 0.36 0.16 0.94 0.47 0.50 0.55 
HLD58 0.72 0.29 0.32 0.57 0.43 0.11 0.82 0.39 0.41 0.63 
HLD56 0.31 0.69 0.34 0.59 0.41 0.11 0.83 0.40 0.43 0.49 
HLD118 0.60 0.40 0.36 0.58 0.42 0.22 1.09 0.54 0.48 0.29 
HLD92 0.53 0.48 0.37 0.62 0.38 0.20 1.02 0.51 0.50 1.00 
HLD93 0.59 0.41 0.37 0.54 0.46 0.29 1.25 0.60 0.49 0.02 
HLD99 0.23 0.78 0.29 0.51 0.49 0.07 0.72 0.31 0.35 0.26 
HLD88 0.29 0.71 0.33 0.58 0.42 0.09 0.78 0.36 0.41 0.22 
HLD101 0.38 0.62 0.36 0.63 0.37 0.13 0.86 0.42 0.47 0.29 
HLD67 0.48 0.53 0.37 0.65 0.36 0.15 0.91 0.45 0.50 0.32 
HLD83 0.55 0.45 0.37 0.62 0.38 0.19 1.00 0.50 0.50 1.00 
HLD114 0.40 0.61 0.36 0.61 0.39 0.18 0.98 0.49 0.48 1.00 
HLD48 0.34 0.67 0.35 0.58 0.42 0.18 0.98 0.49 0.45 0.38 
HLD124 0.68 0.33 0.34 0.56 0.44 0.20 1.02 0.51 0.44 0.17 
HLD122 0.67 0.34 0.35 0.58 0.42 0.16 0.94 0.47 0.45 0.66 
HLD125 0.53 0.47 0.37 0.46 0.54 0.43 1.67 0.70 0.50 0.01 
HLD64 0.25 0.75 0.30 0.54 0.46 0.06 0.69 0.28 0.38 0.02 
HLD81 0.63 0.38 0.36 0.58 0.42 0.22 1.06 0.53 0.47 0.28 
HLD136 0.29 0.71 0.33 0.57 0.43 0.13 0.86 0.42 0.41 1.00 
HLD133 0.52 0.49 0.37 0.63 0.37 0.18 0.98 0.49 0.50 0.84 
HLD97 0.57 0.43 0.37 0.57 0.43 0.27 1.19 0.58 0.49 0.10 
HLD40 0.65 0.35 0.35 0.61 0.39 0.13 0.86 0.42 0.46 0.51 
HLD128 0.41 0.60 0.37 0.58 0.42 0.24 1.11 0.55 0.48 0.21 
HLD39 0.54 0.47 0.37 0.65 0.35 0.13 0.88 0.43 0.50 0.17 
HLD84 0.18 0.83 0.25 0.45 0.56 0.04 0.67 0.25 0.29 0.17 
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Table.3.7. Table summarizing the forensically relevant parameters of 30 DIPplex INDELs for 
Yemeni population, n = 100  (DIP, Deletion Insertion Alleles frequencies, PIC, Polymorphic 
Information Content; PD, Power of Discrimination; PM, Probability of Match; PE, Power of 
Exclusion; TPI, Typical Paternity Index; Ho, Observed Heterozygosity; He, Expected 
Heterozygosity, HWE, P-value for Hardy–Weinberg Equilibrium). 
YEMENI DIP(-) DIP(+) PIC PD PM PE TPI Ho He HWE 
HLD77 0.71 0.29 0.33 0.57 0.43 0.12 0.85 0.41 0.42 1.00 
HLD45 0.46 0.54 0.37 0.66 0.34 0.09 0.78 0.36 0.50 0.01 
HLD131 0.44 0.56 0.37 0.63 0.37 0.17 0.96 0.48 0.50 0.84 
HLD70 0.43 0.57 0.37 0.62 0.38 0.17 0.96 0.48 0.49 0.84 
HLD6 0.51 0.49 0.37 0.66 0.34 0.11 0.82 0.39 0.50 0.03 
HLD111 0.49 0.51 0.37 0.63 0.37 0.18 0.98 0.49 0.50 0.84 
HLD58 0.63 0.37 0.36 0.58 0.42 0.21 1.04 0.52 0.47 0.29 
HLD56 0.19 0.81 0.26 0.47 0.53 0.05 0.68 0.27 0.32 0.20 
HLD118 0.69 0.31 0.34 0.56 0.44 0.17 0.96 0.48 0.43 0.35 
HLD92 0.42 0.58 0.37 0.57 0.43 0.26 1.16 0.57 0.49 0.10 
HLD93 0.51 0.49 0.37 0.58 0.42 0.26 1.16 0.57 0.50 0.23 
HLD99 0.45 0.55 0.37 0.63 0.37 0.16 0.94 0.47 0.50 0.69 
HLD88 0.36 0.64 0.35 0.63 0.37 0.07 0.74 0.32 0.46 0.01 
HLD101 0.51 0.49 0.37 0.66 0.34 0.13 0.86 0.42 0.50 0.11 
HLD67 0.45 0.55 0.37 0.65 0.35 0.13 0.86 0.42 0.50 0.16 
HLD83 0.54 0.46 0.37 0.60 0.40 0.22 1.09 0.54 0.50 0.43 
HLD114 0.57 0.43 0.37 0.62 0.38 0.17 0.96 0.48 0.49 0.84 
HLD48 0.57 0.43 0.37 0.62 0.38 0.19 1.00 0.50 0.49 1.00 
HLD124 0.47 0.53 0.37 0.57 0.43 0.28 1.22 0.59 0.50 0.11 
HLD122 0.60 0.40 0.37 0.64 0.36 0.12 0.85 0.41 0.48 0.15 
HLD125 0.51 0.49 0.37 0.49 0.51 0.40 1.56 0.68 0.50 0.01 
HLD64 0.36 0.64 0.35 0.62 0.38 0.11 0.83 0.40 0.46 0.20 
HLD81 0.63 0.37 0.36 0.61 0.39 0.15 0.93 0.46 0.47 1.00 
HLD136 0.28 0.72 0.32 0.57 0.43 0.08 0.76 0.34 0.41 0.14 
HLD133 0.61 0.39 0.36 0.54 0.46 0.29 1.25 0.60 0.48 0.01 
HLD97 0.61 0.39 0.36 0.62 0.38 0.15 0.93 0.46 0.48 0.83 
HLD40 0.56 0.45 0.37 0.65 0.35 0.12 0.85 0.41 0.50 0.10 
HLD128 0.56 0.44 0.37 0.58 0.42 0.25 1.14 0.56 0.50 0.22 
HLD39 0.57 0.43 0.37 0.65 0.35 0.11 0.82 0.39 0.49 0.04 
HLD84 0.27 0.73 0.32 0.56 0.44 0.07 0.74 0.32 0.40 0.07 
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Table.3.8. Table summarizing the forensically relevant parameters of 30 DIPplex INDELs for 
Tunisian population, n = 100  (DIP, Deletion Insertion Alleles frequencies, PIC, Polymorphic 
Information Content; PD, Power of Discrimination; PM, Probability of Match; PE, Power of 
Exclusion; TPI, Typical Paternity Index; Ho, Observed Heterozygosity; He, Expected 
Heterozygosity, HWE, P-value for Hardy–Weinberg Equilibrium). 
 
TUNISIAN DIP(-) DIP(+) PIC PD PM PE TPI Ho He HWE 
HLD77 0.61 0.39 0.36 0.63 0.37 0.13 0.86 0.42 0.48 0.29 
HLD45 0.54 0.46 0.37 0.63 0.37 0.17 0.96 0.48 0.50 0.84 
HLD131 0.41 0.59 0.37 0.62 0.38 0.16 0.94 0.47 0.48 0.84 
HLD70 0.28 0.72 0.32 0.57 0.43 0.10 0.81 0.38 0.41 0.62 
HLD6 0.61 0.39 0.36 0.62 0.38 0.16 0.94 0.47 0.48 0.84 
HLD111 0.48 0.52 0.37 0.62 0.38 0.20 1.02 0.51 0.50 1.00 
HLD58 0.65 0.35 0.35 0.60 0.40 0.14 0.89 0.44 0.46 0.83 
HLD56 0.30 0.70 0.33 0.58 0.42 0.13 0.86 0.42 0.42 1.00 
HLD118 0.67 0.33 0.34 0.60 0.40 0.13 0.86 0.42 0.44 0.65 
HLD92 0.50 0.50 0.38 0.63 0.38 0.19 1.00 0.50 0.50 1.00 
HLD93 0.50 0.50 0.38 0.63 0.38 0.19 1.00 0.50 0.50 1.00 
HLD99 0.35 0.65 0.35 0.60 0.40 0.16 0.94 0.47 0.46 1.00 
HLD88 0.34 0.66 0.35 0.61 0.39 0.10 0.79 0.37 0.45 0.11 
HLD101 0.45 0.55 0.37 0.57 0.43 0.27 1.19 0.58 0.50 0.11 
HLD67 0.37 0.63 0.36 0.59 0.41 0.18 0.98 0.49 0.47 0.67 
HLD83 0.55 0.45 0.37 0.64 0.36 0.15 0.93 0.46 0.50 0.54 
HLD114 0.51 0.49 0.37 0.65 0.35 0.14 0.89 0.44 0.50 0.24 
HLD48 0.45 0.55 0.37 0.63 0.37 0.18 0.98 0.49 0.50 1.00 
HLD124 0.55 0.45 0.37 0.55 0.45 0.30 1.28 0.61 0.50 0.03 
HLD122 0.59 0.41 0.37 0.65 0.35 0.10 0.79 0.37 0.49 0.02 
HLD125 0.44 0.56 0.37 0.45 0.55 0.44 1.72 0.71 0.49 0.01 
HLD64 0.33 0.67 0.34 0.59 0.41 0.13 0.88 0.43 0.44 0.82 
HLD81 0.69 0.31 0.34 0.52 0.48 0.25 1.14 0.56 0.43 0.01 
HLD136 0.29 0.71 0.33 0.58 0.42 0.09 0.78 0.36 0.41 0.23 
HLD133 0.52 0.48 0.37 0.63 0.37 0.18 0.98 0.49 0.50 0.84 
HLD97 0.58 0.42 0.37 0.62 0.38 0.18 0.98 0.49 0.49 1.00 
HLD40 0.65 0.35 0.35 0.62 0.38 0.07 0.72 0.31 0.46 0.01 
HLD128 0.51 0.49 0.37 0.63 0.37 0.17 0.96 0.48 0.50 0.69 
HLD39 0.64 0.36 0.35 0.60 0.40 0.17 0.96 0.48 0.46 0.83 
HLD84 0.30 0.70 0.33 0.59 0.41 0.07 0.72 0.31 0.43 0.01 
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Table 3.9 Table showing the significant linkage disequilibrium at P < 0.05 in five populations of 
Qatar. 
 
Marker code LOCI Qatari Pakistani Sudanese Tunisian Yemeni 
0 HLD77 1 4 2 1 4 
1 HLD45 2 1 3 1 1 
2 HLD131 2 4 1 1 1 
3 HLD70 2 5 3 5 3 
4 HLD6 0 0 1 1 4 
5 HLD111 6 1 4 5 1 
6 HLD58 2 0 0 0 4 
7 HLD56 3 3 1 1 1 
8 HLD118 2 4 3 2 3 
9 HLD92 4 3 2 0 2 
10 HLD93 4 2 4 2 1 
11 HLD99 5 2 0 1 3 
12 HLD88 3 3 4 0 1 
13 HLD101 2 2 1 1 4 
14 HLD67 2 1 1 0 3 
15 HLD83 0 1 3 4 2 
16 HLD114 0 3 3 5 2 
17 HLD48 1 2 0 0 3 
18 HLD124 3 2 4 4 2 
19 HLD122 3 5 2 2 2 
20 HLD125 4 0 3 0 3 
21 HLD64 4 4 3 1 1 
22 HLD81 1 3 0 0 2 
23 HLD136 1 0 0 1 6 
24 HLD133 1 0 1 1 1 
25 HLD97 1 2 2 0 3 
26 HLD40 1 3 2 2 3 
27 HLD128 1 2 1 0 2 
28 HLD39 1 2 4 3 1 
29 HLD84 2 4 2 2 3 
 
Total linked loci 
64 68 60 46 72 
32pairs 34 pairs 30 pairs 23 pairs 36pairs 
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Table 3.10 Table showing the pairwise FST values between 5 tested population based on 30 
INDELs (*result not significant). 
 
 
 Yemeni Tunisian Sudanese Qatari Pakistani 
Yemeni 0     
Tunisian 0.00553 0    
Sudanese 0.02201 0.00892 0   
Qatari 0.00052* 0.00359 0.01511 0  
Pakistani 0.01356 0.01673 0.03112 0.0108 0 
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3.3.5 Statistical Analysis of STRs Data 
3.3.5.1 HWE 
While calculating p- value for Hardy-Weinberg equilibrium, out of total 15 loci, 3 (Qataris), 2 
(Pakistanis) and 4 (Sudanese) loci showed departure from p-value. But, after applying 
Bonferroni’s correction at P < 0.0033 (0.05/15), there was no deviation from Hardy-Weinberg 
equilibrium. The expected heterozygosities ranged from 0.610 (Yemeni) to 0.890 (Sudanese and 
Tunisian) with a mean value of 0.750, while the observed heterozygosities ranged from 0.590 
(Yemeni) to 0.900 (Sudanese) with a mean value of 0.745. The values for the polymorphic 
information content ranged between 0.620 (Qatari and Pakistani) and 0.890 (Sudanese). Tables 
3.11-3.15 describe HWE and other statistical parameters for five populations. Figure 3.14 shows 
the values of heterozygosities (observed and expected) for FGA locus.
 
Figure 3.14 Bar chart showing the values of observed and expected heterozygosities for FGA 
locus.   
3.3.5.2 Forensic parameters 
The forensic suitability of the 15 STR loci was also evaluated for all the five population groups in 
Qatar (Table 3.18). The Combined Power of Discrimination (CPD) was 0.9999999 for all of five 
populations. The Combined Probability of Match (CPM) was calculated in the range of  
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1.90 x 10-20 (Qatari) to 9.45 x 10-21 (Tunisian). The Combined Probability of Exclusion (CPE) was 
found to be in the range of 0.99999717 (Sudanese) to 0.99999903 (Pakistani). 
3.3.5.3 Pairwise FST values 
The pairwise FST values calculated for STRs showed the same pattern as INDELs. Qatari and 
Yemeni showed a close relatedness based on the pairwise FST value (0.00155). The Pakistani 
population again showed the highest pairwise FST values (0.00745 to 0.01199). Table 3.16 
illustrates the pairwise FST values for 5 tested populations using STR data. 
Table.3.11. Table showing the forensically relevant parameters of 15 STRs for Qatari 
population, n = 100  (PM, Probability of Match; PD, Power of Discrimination; PIC, Polymorphic 
Information Content; PE, Power of Exclusion; TPI, Typical Paternity Index; Ho, Observed 
Heterozygosity; He, Expected Heterozygosity, HWE, P-value for Hardy–Weinberg Equilibrium).  
QATARI PM PD PIC PE TPI Ho He HWE 
D8S1179 0.14 0.86 0.68 0.58 2.38 0.89 0.85 0.26 
D21S11 0.06 0.94 0.82 0.78 4.55 0.82 0.83 0.09 
D7S820 0.06 0.94 0.81 0.64 2.78 0.76 0.77 0.88 
CSFIPO 0.14 0.86 0.68 0.58 2.38 0.79 0.73 0.25 
D3S1358 0.10 0.90 0.71 0.27 1.19 0.58 0.76 0.01 
TH01 0.12 0.88 0.71 0.56 2.27 0.78 0.75 0.23 
D13S317 0.09 0.91 0.73 0.46 1.79 0.72 0.76 0.51 
D16S539 0.09 0.91 0.72 0.48 1.85 0.73 0.76 0.49 
D2S1338 0.04 0.96 0.86 0.69 3.33 0.85 0.88 0.01 
D19S433 0.05 0.95 0.83 0.66 2.94 0.83 0.85 0.81 
VWA 0.07 0.93 0.78 0.66 2.94 0.83 0.81 0.93 
TPOX 0.16 0.84 0.62 0.34 1.39 0.64 0.67 0.58 
D18S51 0.04 0.96 0.86 0.62 2.63 0.81 0.87 0.01 
D5S818 0.09 0.91 0.72 0.36 1.43 0.65 0.77 0.09 
FGA 0.04 0.96 0.85 0.64 2.78 0.82 0.87 0.66 
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Table.3.12. Table showing the forensically relevant parameters of 15 STRs for Pakistani 
population, n = 100 (PM, Probability of Match; PD, Power of Discrimination; PIC, Polymorphic 
Information Content; PE, Power of Exclusion; TPI, Typical Paternity Index; Ho, Observed 
Heterozygosity; He, Expected Heterozygosity, HWE, P-value for Hardy–Weinberg Equilibrium).  
 
 
PAKISTANI PM PD PIC PE TPI Ho He HWE 
D8S1179 0.14 0.86 0.69 0.54 2.17 0.89 0.85 0.64 
D21S11 0.05 0.95 0.82 0.78 4.55 0.89 0.87 0.44 
D7S820 0.04 0.96 0.85 0.78 4.55 0.79 0.81 0.17 
CSFIPO 0.14 0.86 0.69 0.54 2.17 0.77 0.74 0.04 
D3S1358 0.11 0.89 0.71 0.51 2.00 0.75 0.75 0.96 
TH01 0.08 0.92 0.75 0.54 2.17 0.77 0.79 0.61 
D13S317 0.07 0.93 0.77 0.44 1.72 0.71 0.80 0.37 
D16S539 0.10 0.90 0.72 0.41 1.61 0.69 0.76 0.04 
D2S1338 0.04 0.96 0.86 0.64 2.78 0.82 0.88 0.22 
D19S433 0.06 0.94 0.80 0.62 2.63 0.81 0.83 0.35 
VWA 0.06 0.94 0.80 0.62 2.63 0.81 0.83 0.64 
TPOX 0.15 0.85 0.62 0.38 1.52 0.67 0.68 0.63 
D18S51 0.04 0.96 0.85 0.71 3.57 0.86 0.87 0.14 
D5S818 0.12 0.88 0.69 0.44 1.72 0.71 0.74 0.83 
FGA 0.04 0.96 0.85 0.75 4.17 0.88 0.87 0.86 
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Table.3.13. Table showing the forensically relevant parameters of 15 STRs for Sudanese 
population, n = 100 (PM, Probability of Match; PD, Power of Discrimination; PIC, Polymorphic 
Information Content; PE, Power of Exclusion; TPI, Typical Paternity Index; Ho, Observed 
Heterozygosity; He, Expected Heterozygosity, HWE, P-value for Hardy–Weinberg Equilibrium).  
 
SUDANESE PM PD PIC PE TPI Ho He HWE 
D8S1179 0.14 0.86 0.68 0.51 2.00 0.80 0.82 0.41 
D21S11 0.06 0.94 0.80 0.60 2.50 0.74 0.82 0.01 
D7S820 0.06 0.94 0.80 0.49 1.92 0.80 0.78 0.25 
CSFIPO 0.14 0.86 0.68 0.51 2.00 0.75 0.73 0.11 
D3S1358 0.11 0.89 0.70 0.51 2.00 0.75 0.75 0.41 
TH01 0.13 0.87 0.68 0.53 2.08 0.76 0.72 0.73 
D13S317 0.08 0.92 0.74 0.48 1.85 0.73 0.78 0.52 
D16S539 0.08 0.92 0.76 0.46 1.79 0.72 0.80 0.03 
D2S1338 0.04 0.96 0.86 0.80 5.00 0.90 0.88 0.14 
D19S433 0.06 0.94 0.81 0.56 2.27 0.78 0.83 0.02 
VWA 0.07 0.94 0.79 0.62 2.63 0.81 0.82 0.10 
TPOX 0.16 0.84 0.64 0.41 1.61 0.69 0.70 0.20 
D18S51 0.03 0.97 0.89 0.71 3.57 0.86 0.90 0.40 
D5S818 0.08 0.92 0.75 0.46 1.79 0.72 0.78 0.43 
FGA 0.04 0.96 0.87 0.71 3.57 0.86 0.89 0.01 
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Table.3.14. Table showing the forensically relevant parameters of 15 STRs for Yemeni 
population, n = 100 (PM, Probability of Match; PD, Power of Discrimination; PIC, Polymorphic 
Information Content; PE, Power of Exclusion; TPI, Typical Paternity Index; Ho, Observed 
Heterozygosity; He, Expected Heterozygosity, HWE, P-value for Hardy–Weinberg Equilibrium).  
 
YEMENI PM PD PIC PE TPI Ho He HWE 
D8S1179 0.15 0.85 0.66 0.56 2.27 0.77 0.84 0.13 
D21S11 0.05 0.95 0.82 0.54 2.17 0.82 0.85 0.62 
D7S820 0.05 0.95 0.83 0.64 2.78 0.81 0.75 0.45 
CSFIPO 0.15 0.85 0.66 0.56 2.27 0.78 0.72 0.32 
D3S1358 0.10 0.90 0.73 0.51 2.00 0.75 0.77 0.29 
TH01 0.10 0.90 0.74 0.56 2.27 0.78 0.78 0.26 
D13S317 0.08 0.92 0.75 0.60 2.50 0.80 0.78 0.37 
D16S539 0.11 0.89 0.71 0.40 1.56 0.68 0.74 0.11 
D2S1338 0.04 0.96 0.87 0.69 3.33 0.85 0.88 0.20 
D19S433 0.05 0.95 0.84 0.66 2.94 0.83 0.86 0.24 
VWA 0.09 0.91 0.75 0.60 2.50 0.80 0.79 0.14 
TPOX 0.20 0.80 0.56 0.28 1.22 0.59 0.61 0.32 
D18S51 0.04 0.96 0.85 0.58 2.38 0.79 0.87 0.20 
D5S818 0.12 0.88 0.71 0.62 2.63 0.81 0.75 0.23 
FGA 0.04 0.96 0.84 0.68 3.13 0.84 0.86 0.06 
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Table.3.15. Table showing the forensically relevant parameters of 15 STRs for Tunisian 
population, n = 100 (PM, Probability of Match; PD, Power of Discrimination; PIC, Polymorphic 
Information Content; PE, Power of Exclusion; TPI, Typical Paternity Index; Ho, Observed 
Heterozygosity; He, Expected Heterozygosity, HWE, P-value for Hardy–Weinberg Equilibrium).  
 
TUNISIAN PM PD PIC PE TPI Ho He HWE 
D8S1179 0.12 0.88 0.68 0.41 1.61 0.83 0.82 0.95 
D21S11 0.06 0.94 0.79 0.66 2.94 0.88 0.83 0.83 
D7S820 0.06 0.94 0.81 0.75 4.17 0.81 0.79 0.77 
CSFIPO 0.12 0.88 0.68 0.41 1.61 0.69 0.73 0.46 
D3S1358 0.12 0.88 0.71 0.62 2.63 0.81 0.76 0.69 
TH01 0.07 0.93 0.77 0.41 1.61 0.69 0.80 0.12 
D13S317 0.10 0.90 0.72 0.40 1.56 0.68 0.76 0.18 
D16S539 0.08 0.92 0.74 0.51 2.00 0.75 0.78 0.45 
D2S1338 0.04 0.96 0.84 0.73 3.85 0.87 0.85 0.78 
D19S433 0.07 0.93 0.77 0.56 2.27 0.78 0.81 0.26 
VWA 0.07 0.93 0.78 0.60 2.50 0.80 0.82 0.62 
TPOX 0.13 0.87 0.68 0.48 1.85 0.73 0.73 0.06 
D18S51 0.03 0.97 0.88 0.71 3.57 0.86 0.89 0.55 
D5S818 0.12 0.88 0.69 0.53 2.08 0.76 0.73 0.85 
FGA 0.04 0.96 0.84 0.58 2.38 0.79 0.86 0.16 
 
 
Table 3.16 Table showing the pairwise FST values between 5 tested population based on 15 STRs 
(*result not significant). 
 
 Yemeni Tunisian Sudanese Qatari Pakistani 
Yemeni 0     
Tunisian 0.00662 0    
Sudanese 0.01087 0.00451 0   
Qatari 0.00155* 0.00371 0.00851 0  
Pakistani 0.00850 0.00810 0.01199 0.00745 0 
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3.4. Discussion 
In this study, 500 samples were profiled using the Investigator® DIPplex kit (Qiagen™). The 
purpose was to evaluate the forensic efficiency of autosomal INDELs with the possibility of 
using them for forensic casework. In order to achieve this goal, different forensic/population 
parameters were calculated by using the genetic data generated from 500 DNA samples from 
volunteers belonging to five different nationalities (Qatari, Pakistani, Sudanese, Yemeni and 
Tunisian). 
The PCR optimisation of Investigator® DIPplex kit was done in terms of its sensitivity and 
reaction volume. The allele balance and peak quality was better for 0.5 ng of input DNA 
template which was also confirmed from the results of previous studies done by using 
Investigator® DIPplex kit (Neuvonen et al. 2011; Martin et al. 2012; Akhteruzzaman et al. 2013; 
Nunotani et al. 2015). The validation of reaction volume was performed for one half, one 
quarter and one fifth of the recommended PCR reaction mix of 25 µl. The results indicated that 
one half and one quarter of the recommended volume could be used to generate quality 
profiles. A modification in the protocol of Investigator® DIPplex kit during capillary 
electrophoresis was made by using different internal size standard of LIZ-500 (Applied 
Biosystems™) instead of BTO-550 (Qiagen™). The reason for not using BTO-550 was that the 
sizing was not accurate for samples in different batches. On the other hand, when LIZ-500 was 
used instead of BTO-550, the accurate sizing of fragments was achieved. After optimising with 
LIZ-500, then all PCR products of Investigator® DIPplex kit were processed for capillary 
electrophoresis using Applied Biosystems™ size standard.    
The genetic variation of 30 INDEL markers in Investigator® DIPplex kit for the five populations of 
Qatar are summarized in Tables 3.4-3.9. All 30 INDEL markers contained within Investigator® 
DIPplex kit were in Hardy-Weinberg equilibrium. The average observed heterozygousity of 30 
INDELs was 0.51 in the studied populations which indicates their highly polymorphic nature. 
Similar results were obtained from other world populations using INDEL markers (Wei et al. 
2013; Ferreira et al. 2015). 
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The linkage disequilibrium (LD) analysis was performed to assess that the INDEL markers are 
free of association. LD test did not give any significant p-value after Bonferroni’s correction.  
Therefore, INDEL markers can be considered as independent markers to use for statistical 
calculations for forensic purposes (Da Silva et al. 2013; Wei et al. 2013; Pepinski et al. 2013; 
Ferreira et al 2015). For Investigator® DIPplex kit, no linkage had been detected from any 
published population data, but two of STR loci (VWA and D12S391) were identified which are 
only 6.36 Mb apart on the short arm of chromosome 12 (O’Connor et al. 2011). In this type of 
case, there might be an issue in case of related individuals such as in kinship analysis as product 
rule cannot be applied to get useful statistical calculation (O’Connor and Tillmar 2012). 
The forensic efficiency of 30 INDELs in Investigator® DIPplex kit for five populations based in 
Qatar was calculated in terms of combined discrimination power (CDP), combined probability 
match (CPM) and combined power of exclusion (CPE). These values were then compared with 
those of published populations (Table 3.17). The Combined Power of Discrimination (CPD) for 
the 30 INDEL loci was 0.9999999 for all of five populations which is a satisfactory value for 
forensic purpose. The Combined Probability of Match (CPM) was calculated in the range of 10-12 
(Qatari) to 10-13 (Tunisian) and the Combined Probability of Exclusion (CPE) was found to be in 
the range of 0.9963 (Sudanese and Yemeni) to 0.9974 (Pakistani) which are comparable to 
other world populations (Table 3.17).  
A comparison of the CPM and CPE values for the 30 INDEL markers and 15 STR markers for the 
same 500 samples of all the five studied population groups in Qatar was also done (Table 3.18) 
which showed that both values for INDELs are much lower than those of STR loci, which was 
expected due to biallelic nature of INDELs as compared to STRs which have multiple alleles in a 
single locus.  
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Table.3.17. Table showing the comparison of DIPplex data between different sub-population 
groups of Qatar and other world populations. 
Multiplex Populations CPM CPE References 
DIPplex Qatari 1.06  x 10 -12 0.9973 ----------------- 
DIPplex Pakistani 8.90  x 10 -13 0.9974 ----------------- 
DIPplex Sudanese 5.57  x 10 -12 0.9963 ----------------- 
DIPplex Yemeni 7.92  x 10 -13 0.9963 ----------------- 
DIPplex Tunisian 9.95  x 10 -13 0.9964 ------------------ 
DIPplex Chinese 1.28  x 10 -12 0.9968 Wang et al. 2015 
DIPplex Brazilian 3.40  x 10 -13 0.9973 Ferreira et al. 2015 
DIPplex Japanese 2.67  x 10 -11 0.9964 Nunotani et al. 2015 
DIPplex S. Korean 2.84  x 10 -11 0.9888 Seong et al. 2013 
DIPplex Poles 7.98  x 10 -14 0.9900 Pepinski et al.  2013 
DIPplex Taiwanese 1.22  x 10 -11 0.9884 Pepinski et al. 2013 
DIPplex Bangladeshi 2.08  x 10 -12 0.9947  Akhteruzzaman et al.  
2013 
DIPplex Chinese 9.13  x 10 -12 0.9929 Liang et al.  2013 
DIPplex Portugal 5.58  x 10 -13 0.9982 Da Silva et al. 2013 
DIPplex Spain 5.72  x 10 -13 0.9985 Martin et al. 2013 
DIPplex Basque 3.14  x 10 -13 0.9970 Martin et al. 2013 
DIPplex Uruguayan 3.21  x 10 -13 0.9971 Saiz et al. 2012 
DIPplex Somali 5.03  x 10 -12 0.9620 Neuonen et al. 2011 
DIPplex Finnish 3.54  x 10 -13 0.9961 Neuonen et al. 2011 
DIPplex Danes 3.30  x 10 -13 0.9970 Friis et al. 2011 
 
Table.3.18. Table showing the comparison of 30 INDELs with 15 autosomal STRs between 
different population groups of Qatar. 
 30 INDELs 15 STRs 
CPM CPE CPM CPE 
Qatari 1.06  x 10 -12 0.9973 1.90  x 10 -20 0.99999722 
Pakistani 8.90  x 10 -13 0.9974 7.21  x 10 -21 0.99999903 
Sudanese 5.57  x 10 -12 0.9963 6.68  x 10 -21 0.99999717 
Yemeni 7.92  x 10 -13 0.9963 3.92  x 10 -20 0.99999741 
Tunisian 9.95  x 10 -13 0.9964 9.45  x 10 -21 0.99999734 
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The disparity of pairwise FST  values from one polymorphism to another among populations may 
help to establish whether genetic drift is playing role or whether variation is selectively natural 
(Bowcock et al. 1994). The low pairwise FST value between Qatari and Yemeni showed their 
close relatedness which is most likely explained by common ancestors, i.e. nomads from 
Arabian Peninsula (Carol et al. 2001). This close genetic relationship between Qatari and 
Yemeni populations was also supported by a Y-chromosome study which indicated Qatari and 
Yemeni shared most of Y haplogroups together (Cadenas et al. 2008). Pakistani and Sudanese 
showed the highest pairwise FST values in any of the combinations with other populations which 
indicated genetic differentiation among them, due to their distant geographical locations 
(Monica et al. 2005).  Another important observation was made while comparing the FST values 
of INDELs and STRs that the values of FST for STRs were lower than those of INDELs. The reason 
for this difference lies in the polymorphic nature of both systems as STRs are more polymorphic 
than INDELs; therefore their values were lesser than those of INDELs or vice versa (Excoffier et 
al. 2009).  
3.5. Conclusion 
In conclusion, it can be said that autosomal INDEL markers can be a useful tool for forensic 
investigation based on their strong statistical values. They might be very helpful in solving the 
cases where challenging samples are involved (Carvalho et al. 2011; Pereira et al. 2012). They 
can also be used as a complementary tool for kinship analysis with STRs, especially in cases 
involving mutation (Karlsson et al. 2007). 
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CHAPTER 4 
ESTIMATION OF GEOGRAPHIC ORIGIN USING STRs AND INDELs 
________________________________________________________________ 
 
4.1. OVERVIEW 
Estimation of ancestry from an unknown crime scene sample can provide valuable leads when 
there is no eyewitness or hit in a DNA database. Ancestry analysis depends upon the variation 
in an individual that can help to trace their origin to a particular geographic area (Rohlfs et al. 
2012). Most of the research for ancestry analysis has been focused on SNPs and INDELs. 
Much research has been done on DNA polymorphism for human identification purpose 
(Chakraborty et al. 1999). Most data on forensic markers relates to short tandem repeat (STR) 
polymorphisms. Due to their high discriminating power, data is available from many different 
populations from different parts of the world (Butler 2005). In addition to identification, some 
attention of forensic researchers has moved towards other forensic applications, such as 
estimation of ancestry (Shriver et al. 1997).  For this particular application, STRs are not ideal 
genetic markers due to their high mutation rate (Phillips et al. 2007). 
As an alternate, single nucleotide polymorphism (SNPs) are considered a better ancestry tool as 
compared to STRs due to their low mutation rate, common occurrence in human genome, 
availability of their allele frequencies for a number of populations and short amplicons that can 
be useful in typing the degraded samples (Frudakis et al. 2003; Fondevila et al. 2008; Myles et 
al. 2009; Lundsberg et al. 2013). However, due to the involvement of multiple steps and 
complex interpretation for their typing, SNPs were not adopted as a widespread genetic tool to 
derive ancestry information in routine forensic laboratories (Phillips et al. 2007).  
Insertion Deletion polymorphisms (INDELs) have emerged as another forensic tool to be used as 
biogeographic ancestry tool (Fridakis et al. 2003; Phillips et al. 2007; Kayser and De Kniff 2011; 
Pereira et al. 2012; Francez et al. 2012; Romanini et al. 2014). INDELs combine the advantages 
of both STRs and SNPs, which include low mutation rate, high abundance in human genome 
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(Mills et al. 2006) and different allele frequency distributions among different geographical 
populations (Nachman et al. 2000). INDEL based Ancestry panels have been developed and 
widely used for different world populations. Some AIM-INDEL panels developed include 48 
INDELs in three multiplexes (Santos et al. 2010), 48 INDELs in one multiplex (Pereira et al. 
2012), and 21 INDELs in one multiplex (Zaumsegel et al. 2013). Although AIM-INDELs have not 
the same power as AIM-SNPs, they have the advantage that capillary electrophoresis is used to 
detect length polymorphism, which is similar to routine work undertaken in forensic 
laboratories. Like SNPs, they have short amplicons that make them suitable for the profiling of 
degraded DNA samples (Borsting et al. 2013).  
The major limitations for the genetic tests to derive ancestry information include the lack of 
sufficiently population data and difficulty in the assessment of complex admixture patterns in 
individuals with co-ancestry (Willuweit and Roewer 2007; King et al. 2007; Wetton et al. 2005). 
4.1.1. Objectives and Aims 
The aim of this Chapter was to estimate the effectiveness of INDELs and STRs to predict 
ancestry information of five tested populations (Qatari, Pakistani, Sudanese, Tunisian and 
Yemeni). To achieve this, following objectives were set. 
(a) To test the population differentiation by using pairwise FST values for five tested 
populations of Qatar. 
(b) To assess the population sub-structure using the cluster analysis for five tested 
populations of Qatar. 
(c) To calculate the likelihood ratio for the assignment of five tested populations of Qatar. 
(d)  To compare the efficiency of INDELs and STRs to estimate the ancestry information for 
five tested populations of Qatar. 
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4.2. Materials and Methods 
This Chapter involved statistical analysis of the data by employing different software. In this 
study, population differentiation was tested using pairwise FST values through Arlequin v3.1 
software (Excoffier et al. 2010), population assignment of individual genotypes was done by 
calculating individual maximum likelihood  through Snipper v2.0 software (Phillips et al. 2007) 
and assessment of predictive value of the marker set by cluster analysis through STRUCTURE 
v2.3.4 software (Pritchard et al. 2010). 
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4.3. RESULTS 
4.3.1 Estimation of geographical origin using INDELs 
4.3.1.1 Population Genetic Structure 
In order to assess the population differentiation among five populations based in Qatar using 
30 INDELs, pairwise FST values were determined using Arlequin software (Table 4.1). The 
greatest pairwise FST value was observed between Pakistani (South Asian) and Sudanese (East 
Africa) populations at 3% and lowest pairwise FST of 0.052% was recorded between Qatari and 
Yemeni populations (Middle Eastern) indicating their closer relationship in terms of origin.   
Table 4.1 Table showing the pairwise FST values among 5 tested population based on 30 INDELs 
(*result not significant). 
 Yemeni Tunisian Sudanese Qatari Pakistani 
Yemeni 0     
Tunisian 0.00553 0    
Sudanese 0.02201 0.00892 0   
Qatari 0.00052* 0.00359 0.01511 0  
Pakistani 0.01356 0.01673 0.03112 0.0108 0 
 
4.3.1.2 Cluster Analysis  
This study further assessed the population sub-structure using the STRUCTURE 2.3.4 software 
(Pritchard et al. 2010). This programme is based on Bayesian method and assigns the samples 
to K populations or clusters on the basis of allele frequencies.  Various population models can 
be assumed before analysis in this software. All of five populations in this research were 
analysed using admixture model with correlated allele frequencies i.e. individuals may have 
some common alleles based on genetic drift, thus sharing ancestry (Rosenberg et al. 2005).  
The software allows setting the number of populations (k) prior to analysis. However, during 
this study, it was not done and the software was directed to assess the structure of populations 
based on the values of K from 1 to 5. 
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In order to estimate the value of K (number of populations), the output of result file (zip 
format) from STRUCTURE software was loaded onto web based STRUCTURE Harvester 
(http://taylor0.biology.ucla.edu/structureHarvester). This software use Evanno approach based 
on the values of the rate of change in the log probability of data between successive K values 
(ΔK). 
The results described in Table 4.2 and Figure 4.1 have shown that the calculated value of K by 
using STRUCTURE Harvester with Evanno approach (Evanno et al. 2005), was found to be 2, 
which indicated that two populations were the most likely, based on the INDEL data.  
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Table 4.2 Table showing the Evanno Table containing likelihood values generated from 
STRUCTURE-Harvester software for 5 tested populations using 30 INDELs data.  
 
   K Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln''(K)| Delta K 
1 10 -20024.110000 0.242441 — — — 
2 10 -20069.440000 8.440405 -45.330000 519.860000 61.591828 
3 10 -20634.630000 75.687149 -565.190000 273.610000 3.615013 
4 10 -20926.210000 249.493133 -291.580000 170.750000 0.684388 
5 10 -21047.040000 261.540760 -120.830000 — — 
 
 
 
Figure 4.1 Figure showing the graphical representation of assigning K value based on Evanno 
method generated from STRUCTURE-Harvester software for 5 tested populations (n=5) using 
data generated from 30 INDELs.  
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4.3.1.3 Population assignment of individual genotypes 
The likelihood of individual INDELs genotypes belonging to each of five population groups 
(Qatari, Pakistani, Sudanese, Tunisian and Yemeni) was calculated using Snipper software. In 
order to analyse INDEL data on the Snipper software (originally developed for SNPs analysis), 
the INDEL profiles were designated as A/C SNPs with deletion alleles as “A” and insertion alleles 
as “C”. Similarly, in order to predict the likelihood calculation for the INDELs, a cross validation 
was performed using the option of “Thorough analysis of population data” with verbose cross-
validation analysis using the best 30 SNPs. Each sample was tested as unknown against the 
training set of all other samples. The results of success ratio using different combinations of 
populations are shown in Tables 4.3-4.10 and Figures 4.2- 4.9. 
While performing thorough analysis with verbose cross-validation for five population groups 
(Table 4.3 and Figure 4.2), after applying Hardy-Weinberg Equilibrium (HWE), the results gave 
low success ratios for assigning populations (except Tunisian at 93%).  
Then, a thorough analysis with verbose cross-validation after applying HWE was performed for 
four populations by excluding Pakistani population due to the fact that it was the most distant 
population (Table 4.4 and Figure 4.3). The results indicated that Tunisian population had the 
highest likelihood ratio (95%). While the other three populations showed non-significant 
percentages (Qatari population with lowest value of 9%). 
Based on the pairwise FST values, when three populations (out of five) were tested in different 
combinations with each other, the success ratio of each population was increased to more than 
90% in different combinations (except the Qatari population which remain lowest in all of the 
combinations). These results are displayed in Tables 4.5-4.9 and Figures 4.4-4.8.    
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Table 4.3 Table showing the population assignments generated from Snipper 2.0 software by 
using cross verbose-validation after applying HWE for 5 tested populations based on 30 INDELs.  
 Qatar Pakistani Sudanese Yemeni Tunisian 
Population of Qatari origin  7.00 % 19.00 % 17.00 % 32.00 % 25.00 % 
Population of Pakistani origin  0.00 % 25.00 % 15.00 % 37.00 % 23.00 % 
Population of Sudanese origin  0.00 % 0.00 % 33.00 % 16.00 % 51.00 % 
Population of Yemeni origin  0.00 % 1.00 % 1.00 % 30.00 % 68.00 % 
Population of Tunisian origin  1.00 % 2.00 % 2.00 % 2.00 % 93.00 % 
 
 
Figure 4.2 Figure showing the 2-D model of the success ratio of population assignments 
generated from Snipper 2.0 software for 5 tested populations based on 30 INDELs. It is evident 
from the above diagram that most of the populations are concentrated in the middle of 
pentagon, which indicates that they cannot be differentiated by using INDELs. 
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Table 4.4 Table showing the population assignments generated from Snipper 2.0 software by 
using cross verbose-validation after applying HWE for 4 tested populations based on 30 INDELs.  
 
 Qatari Sudanese Yemeni Tunisian 
Population of Qatari origin  9.00 % 20.00 % 39.00 % 32.00 % 
Population of Sudanese origin  0.00 % 33.00 % 16.00 % 51.00 % 
Population of Yemeni origin  0.00 % 1.00 % 31.00 % 68.00 % 
Population of Tunisian origin  1.00 % 2.00 % 2.00 % 95.00 % 
 
 
Figure 4.3 Figure showing the 2-D model of the success ratio of population assignments 
generated from Snipper 2.0 software for 4 tested populations based on 30 INDELs. It is evident 
from the above diagram that all of the four populations are concentrated in the middle of 
pentagon rather than on its margin which indicates that they cannot be differentiated by using 
INDELs. 
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Table 4.5 Table showing the population assignments generated from Snipper 2.0 software by 
using cross verbose-validation after applying HWE for 3 tested populations based on 30 INDELs.  
 
 Qatari Pakistani Sudanese 
Population of Qatari origin  17.00 % 46.00 % 37.00 % 
Population of Pakistani origin  0.00 % 51.00 % 49.00 % 
Population of Sudanese origin  0.00 % 2.00 % 98.00 % 
 
 
Figure 4.4 Figure showing the 2-D model of the success ratio of population assignments 
generated from Snipper 2.0 software for 3 tested populations based on 30 INDELs. It is evident 
from the above diagram that most of the Snipper data from the populations of Sudanese and 
Pakistani are concentrated on the margin, indicating that they are better differentiated than 
that of Qatari population. 
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Table 4.6 Table showing the population assignments generated from Snipper 2.0 software by 
using cross verbose-validation after applying HWE for 3 tested populations based on 30 INDELs.  
 Pakistani Sudanese Yemeni 
Population of Pakistani origin  27.00 % 22.00 % 51.00 % 
Population of Sudanese origin  0.00 % 45.00 % 55.00 % 
Population of Yemeni origin  4.00 % 2.00 % 94.00 % 
 
 
Figure 4.5 shows the 2-D model of the success ratio of population assignments generated from 
Snipper 2.0. Software for 3 tested populations based on 30 INDELs. It is evident from the above 
diagram that most of the Snipper data from Yemeni population are concentrated in its 
respective box, indicating that it can be better differentiated than that of Sudanese and 
Pakistanis. 
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Table 4.7 Table showing the population assignments generated from Snipper 2.0 software by 
using cross verbose-validation after applying HWE for 3 tested populations based on 30 INDELs.  
 
 Qatari Sudanese Tunisian 
Population of Qatari origin  19.00 % 25.00 % 56.00 % 
Population of Sudanese origin  0.00 % 34.00 % 66.00 % 
Population of Tunisian origin  2.00 % 2.00 % 96.00 % 
 
 
Figure 4.6 Figure showing the 2-D model of the success ratio of population assignments 
generated from Snipper 2.0. Software for 3 tested populations based on 30 INDELs. It is evident 
from the above diagram that most of the Snipper data from Tunisian population are 
concentrated in its respective box, indicating that it can be better differentiated than that of 
Sudanese and Qataris. 
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Table 4.8 Table showing the population assignments generated from Snipper 2.0. Software by 
using cross verbose-validation after applying HWE for 3 tested populations based on 30 INDELs.  
 Qatari Yemeni Tunisian 
Population of Qatari origin  13.00 % 47.00 % 40.00 % 
Population of Yemeni origin  1.00 % 31.00 % 68.00 % 
Population of Tunisian origin  1.00 % 2.00 % 97.00 % 
 
 
 
Figure 4.7 Figure showing the 2-D model of the success ratio of population assignments 
generated from Snipper 2.0. Software for 3 tested populations based on 30 INDELs. It is evident 
from the above diagram that most of the Snipper data from Tunisian population are 
concentrated in its respective box, indicating that it can be better differentiated than that of 
Yemenis and Qataris. 
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Table 4.9 Table showing the population assignments generated from Snipper 2.0. Software by 
using cross verbose-validation after applying HWE for 3 tested populations based on 30 INDELs.  
 Sudanese Tunisian Pakistani 
Population of Sudanese origin  30.00 % 52.00 % 18.00 % 
Population of Tunisian origin  0.00 % 38.00 % 62.00 % 
Population of Pakistani origin  2.00 % 6.00 % 92.00 % 
 
Figure 4.8 Figure showing the 2-D model of the success ratio of population assignments 
generated from Snipper 2.0. Software for 3 tested populations based on 30 INDELs. It is evident 
from the above diagram that most of the Snipper data from Pakistani population are 
concentrated in its respective box, indicating that it can be better differentiated than that of 
Sudanese and Tunisians. 
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4.3.2 Estimation of geographical origin using STRs 
4.3.2.1 Pairwise FST values 
Table 4.10 shows the pairwise FST values between five populations based in Qatar using STR 
data. The comparison of pairwise FST values using 15 STRs among 5 tested populations 
confirmed the same results as obtained using 30 INDELs that Qatari and Yemeni had the lowest 
pairwise FST value (0.15%) revealing their close relatedness due to close geographical positions. 
The Pakistani population showed the highest pairwise FST values (upto 1.2%) in any relation to 
other populations which indicated the greatest differentiation from the other population 
groups. 
 Table 4.10 Table showing pairwise FST values between 5 tested population based on 15 STRs 
(*result not significant). 
 Yemeni Tunisian Sudanese Qatari Pakistani 
Yemeni 0     
Tunisian 0.00662 0    
Sudanese 0.01087 0.00451 0   
Qatari 0.00155* 0.00371 0.00851 0  
Pakistani 0.00850 0.00810 0.01199 0.00745 0 
 
4.3.2.2 Cluster Analysis  
The parameters of STRUCTURE software to analyse 15 STRs genetic data were similar as were 
used for INDELs analysis. The calculation of K value for STRs data was found to be 4 rather than 
2 (for INDELs). The results of STRUCTURE Harvester for STRs are shown in Table 4.11 and Figure 
4.9. 
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Table 4.11 Table showing the Evanno likelihood values generated from STRUCTURE-Harvester 
software for 5 tested populations using 15 STRs data. 
 
K Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln''(K)| Delta K 
1 10 -27338.200000 0.216025 — — — 
2 10 -27857.230000 218.410724 -519.030000 436.790000 1.999856 
3 10 -27939.470000 257.286775 -82.240000 241.240000 0.937631 
4 10 -28262.950000 237.960605 -323.480000 1203.330000 5.056845 
5 10 -29789.760000 709.627159 -1526.810000 — — 
 
 
 
Figure 4.9 Figure showing the graphical representation of assigning K value based on Evanno 
method generated from STRUCTURE-Harvester Software for 5 tested populations (n=5) using 
15 STRs data. 
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4.3.2.3 Snipper Analysis 
The online portal of Snipper App suite v2.0 is made for SNPs, but it also provides an option to 
analyse STRs. This option allows an unknown STR profile to compare to a set of reference 
populations (training set of STRs data).   
The STR data from five populations were arranged according to template Excel file and then this 
file was loaded onto the option of “Classification with 32 STR training set or a custom Excel file 
of frequencies” along with mentioning of the number of populations tested. Then, the unknown 
STR profile was typed and compared against the reference populations. Based on the likelihood 
calculation, it predicted the population along with percentages. Table 4.12 shows the outputs 
of some profiles with known nationalities.  
Table 4.12 Table showing the assignment of nationalities based on likelihoods of some profiles 
with known nationalities.  
 likelihoods 
PROFILE FROM QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
QATARI 7.11134e-17 6.78181e-17 8.54639e-19 8.38716e-19 9.38774e-18 
 47.40 % for QATARI; 45.21 % for PAKISTANI; 6.26 % for TUNISIAN. 
PAKISTANI 6.42771e-19 4.48445e-18 5.22387e-20 7.74352e-19 2.37800e-18 
 53.82 % for PAKISTANI; 28.54 % for TUNISIAN; 9.29 % for YEMENI. 
SUDANESE 2.78965e-20 4.66173e-20 1.21046e-19 6.27208e-21 1.83913e-20 
 54.97 % for SUDANESE; 21.17 % for PAKISTANI; 12.67 % for QATARI. 
YEMENI 6.28636e-16 1.92579e-16 2.01701e-16 2.90561e-15 2.17606e-16 
 70.08 % for YEMENI; 15.16 % for QATARI; 5.25 % for TUNISIAN. 
TUNISIAN 2.75286e-19 8.81750e-19 2.54474e-19 2.98572e-19 1.96905e-18 
 53.52 % for TUNISIAN; 23.97 % for PAKISTANI; 8.12 % for YEMENI. 
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4.4 Discussion 
In this Chapter, an effort has been made to derive the ancestry information by analysing and 
comparing data of STRs and INDELs generated from 500 samples belonging to five different 
populations based in Qatar. During this study, the sampling from distant populations helped 
greatly to understand the population differentiation due to their different geographical 
positions.  
Pairwise FST values for 5 tested populations revealed that in most of the pairs of populations, 
pairwise FST values were high which indicated genetic differentiation among them, according to 
their geographical locations (Monica et al. 2005; Ramachandran et al. 2005). The lowest FST 
value (0.052%) for Qatari-Yemeni combination showed their close relatedness due to possible 
common ancestors i.e. nomads from Arabian Peninsula (Carol et al. 2001). Another evidence of 
their close relatedness can be supported by a Y-chromosome study, which demonstrated that 
Qatari and Yemeni shared most of Y haplogroups (Cadenas et al. 2008).   
The results calculated from Snipper analysis of INDELs showed that by using different 
combinations of populations, the four populations (Pakistani, Sudanese, Tunisian and Yemeni) 
were assigned correctly (> 90%) according to their origins. The only exception was Qatari 
population, which did not show significant likelihood in any of tested combinations. 
In a comprehensive population study (Carol et al. 2001), it was investigated that the possible 
ethnic groups from which Qataris were originated, could be three; Bedouins (descendants of 
Arab nomads), Hadar or Irani-Qataris (migrated from Iran, Pakistan and Afghanistan) and Abd 
(slaves brought from East Africa mainly from Sudan and Somalia). 
In addition, the population studies based on mitochondrial DNA, revealed that more than 35% 
of the Qatari lineages were from African ancestry (East African and Sub-Saharan) and the rest of 
the lineages being Eurasian (Rowold et al. 2007). 
It can be concluded that current Qatari population is composed of not only native Bedouins, but 
also contain African and Asian ancestors. 
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The STRUCTURE analysis using INDELs data indicated that there was limited genetic 
differentiation among the populations as the value of K was found to be 2 rather than 5, 
according to number of populations tested. The maximum likelihood or ΔK calculated by 
Evanno approach (Evanno et al. 2005) from an average of all 10 runs, was observed, when K = 
2. On the other hand, the STRUCTURE results for STRs data indicated the presence of four 
populations i.e. K = 4. The different outcomes of STRUCTURE analysis for INDELs and STRs can 
be explained in terms of their polymorphic nature of markers. STR markers are more 
polymorphic (Gill 2002) as compared to INDEL markers, hence the value of K (the number of 
populations derived) for STRs was observed more than that of INDELs and also closer to 
accurate number (5) of tested populations. In addition to polymorphic nature of STRs, the 
pairwise FST values generated in this research and Y-chromosome study carried out for Middle 
Eastern populations (Cadenas et al. 2008) indicated that Qatari and Yemeni populations are 
closely related to each other, so if these two populations are considered as single population, 
then the value of K derived from STR data is not surprising. 
Similar efforts were made to assess the ability of Identifiler Plus® (Applied Biosystems™) based 
15 STRs for ancestry-informativeness (Londin et al. 2010; Phillips et al. 2011) but failed to 
differentiate the global sample set of 7 populations. However when 36 novel STRs, including 33 
dinucleotide-repeat STRs, were tried, better ancestry information was obtained (Pereira et al. 
2012). To derive ancestry information, di-nucleotide repeat STR loci were found better than 
those of tri- or tetra-nucleotide repeat loci because they were more highly differentiated across 
populations. Although di-nucleotide STRs cannot be easily used for forensic identification 
purpose due to their high stutter levels (usually 30%) and difficulty in resolving size based 
electrophoretic separation (Walsh et al. 1996), they are better when attempting to infer 
ancestry than tetra-nucleotide repeat STRs. 
A total of 30 autosomal INDELs were analysed in this study, which were developed for 
identification purposes rather than ancestry inference. Studies were performed in which AIM-
INDEL panels were developed for ancestry informativeness which include 48 INDELs in three 
multiplexes form (Santos et al. 2010), 48 INDELs as single multiplex (Pereira et al. 2012), and 21 
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INDELs as single multiplex (Zaumsegel et al. 2013). These AIM-INDELs provide a simple tool to 
derive ancestry information from a single test (Pereira et al. 2009). The best genetic markers 
which have been proved to derive ancestry information are SNPs. Along with other PCR assays, 
34-plex and 47-plex SNP assays have been developed using ancestry informative SNPs (Phillips 
et al. 2007; Kersbergen et al. 2009; Fondevila et al. 2013).  
However, how any of these assays would perform using the samples studied in this research is 
not clear. But as the populations are not highly differentiated, they may not be so effective in 
the context of Qatar.  
4.5. Conclusion 
The genetic data generated for INDELs and STRs during this study were originally meant to 
evaluate their forensic efficiency but in this Chapter, an attempt was made to derive ancestry 
information. After analyzing the genetic data from INDELs and STRs, it can be concluded that 
autosomal INDELs cannot differentiate the populations accurately. They can only be used for 
identity purposes in forensic DNA analysis.  
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CHAPTER 5 
DEVELOPMENT, OPTIMISATION AND VALIDATION OF A NEW 
MULTIPLEX (MINI-INDELS) PCR ASSAY 
 
 
5.1. OVERVIEW 
Recovery of genetic information from a poor quality of DNA sample is a challenging task using 
conventional short tandem repeat (STR) analysis. In many of the cases, the results obtained 
using commercial STR kits results in a partial or no DNA profile due to fragmentation of DNA 
(Whitaker et al. 1995; Li et al. 2011; Manta et al. 2013). As an alternative to STRs, some 
laboratories have opted to single nucleotide polymorphism (SNP) analysis to obtain more 
information. This approach, while helpful, requires a large number of SNPs to be typed to have 
same discriminating power as STRs, which is time consuming and costly (Gill et al. 2001). There 
is a third approach which is emerging as an alternative tool for the recovery of DNA profiles 
from challenged samples and this is the Insertion Deletion (INDEL) polymorphism, which is due 
to the presence of some of the combined advantages of STRs and SNPs; wide distribution in 
human genome, lower mutation rates and use of smaller amplicons and routine genotyping 
techniques (Li et al. 2011; Manta et al. 2013). These characteristics make them ideal candidates 
for forensic applications, especially for the profiling of degraded and inhibited samples 
(Romanini et al. 2012).  
Several INDEL multiplexes have been developed including several in-house (Phillips et al. 2007; 
Pereira et al. 2009; Fondevila et al. 2011; Kis et al. 2012) and one commercial kit for autosomal 
INDELs (Qiagen™ Investigator® DIPplex kit). This kit was commercially launched in 2009 and it 
allows simultaneous amplification of 30 biallelic Deletion/Insertion Polymorphisms (DIPs), 
which are spread over 19 autosomes and are separated by at least 10 Mbp from commercially 
available STRs. A specific fragment of the amelogenin gene is also typed as a sex marker. The 
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maximum amplicon length of allele in the DIPplex kit is 160 bp (Qiagen™ Investigator® DIPplex 
handbook).  
This study developed an amplification kit of a multiplex of mini-INDELs by re-designing 14 of 
larger amplicons from the Qiagen DIPplex PCR Amplification kit: HLD67, HLD131, HLD6, HLD101, 
HLD124, HLD39, HLD58, HLD88, HLD99, HLD84, HLD97, HLD125, HLD128, HLD111 and the sex 
identification locus amelogenin.  
5.1.1 Objectives 
The objective of this Chapter was to develop a mini-INDELs based multiplex which included: 
(g) To develop a multiplex PCR assay with short amplicons. 
(h) To do concordance study between Qiagen™ Investigator® DIPplex kit and the in-house 
developed mini-INDELs kit. 
(i)  To optimize the mini-INDELs multiplex assessing reproducibility, sensitivity and 
performance using high molecular weight and challenged DNA samples.  
(j) To calculate the discriminatory power of the mini-INDELs markers. 
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5.2 MATERIALS AND METHODS 
5.2.1 Marker selection 
The markers for this study were chosen from the INDEL markers from Qiagen™ Investigator® 
DIPplex kit. The basic criteria of the markers selection were their larger amplicon size. A total of 
20 Markers were initially selected which included HLD6, HLD39, HLD40, HLD56, HLD58, HLD64, 
HLD67, HLD70, HLD81, HLD84, HLD88, HLD97, HLD99, HLD101, HLD111, HLD122, HLD124, 
HLD125, HLD128  and HLD 131. The sequences of these markers were obtained using their SNP 
ID# through NCBI website. The sequence of two of markers, HLD40 and HLD70, were not 
available on NCBI website. 
5.2.2 Alignment of the INDEL sequences 
BioEdit Sequence Alignment Editor (Hall 2011) is a tool that is used to edit, align, manipulate 
and analyze the protein and nucleic acid sequences (www.mbio.ncsu.edu/bioedit). The purpose 
to use BioEdit tool in this study was to align the downloaded sequences from different ethnic 
groups/nationalities, so that any difference in the flanking region could be identified. 
In order to achieve this goal, the Fasta sequence of each INDEL marker available on NCBI 
website for different ethnic groups were copied and then pasted into New Sequence tab of 
BioEdit software. In this way, the Fasta sequences from different available population groups 
were aligned together. The population groups from which sequences were aligned, included 
East Asians (Koreans, Japanese), African North Americans (African, Amerind), and European 
(Irish). The sequences of some population groups were done more than once in different 
studies. 
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5.2.3 Miniplex (mini-INDELs) approach to DNA degradation 
The concept of miniplexes (reduced size primer sets) were introduced to address the issue of 
DNA degradation. A conventional profile from a degraded sample showed the loss of high base 
pair loci in sloping pattern (Figure 5.1). For the analysis of degraded samples, a new set of 
primers (mini-plex) could be developed in which primers of particular markers could be re-
designed to produce the smaller amplicons (Butler et al. 2003). 
In this study, the primers for markers having higher amplified product size (ranging from 120 bp 
to 160 bp) present in Investigator® DIPplex kit, were re-designed as mini-INDELs by decreasing 
their product sizes (Table.5.1).  
 
Figure 5.1 Figure showing a profile using Applied Biosystems™ Identifiler Plus® kit showing the 
loss of larger amplicons due to DNA degradation. 
5.2.4. Multiplex INDEL primer Design 
In this project, the primer design of 18 INDEL markers was attempted using the Primer- blast 
software from NCBI website by applying the following criteria for the PCR primers; 
Amplicon size = 75-130 bp 
Tm = 55-60 °C 
 GC content = 45-55 % 
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Subsequently, the primer pairs obtained were checked for hairpin and primer-dimer secondary 
structures using OligoAnalyzer 3.1 software (www.idtdna.com). Fourteen markers were 
selected after going through all the above criteria.  
5.2.5. Assigning fluorescent labelled dyes 
All the primers were then organized for expected amplicon size and assigned to four different 
fluorescent labeled dyes from life technology (FAM, NED, VIC and PET). The primers were 
distributed among four dyes to achieve a distance of at least 2 base pair between any two 
alleles. A tail of 5 bases (TGAAT) was added to HLD67 marker to achieve an even distance from 
neighboring alleles (Table 5.2).  
5.2.6. Primer synthesis and purity 
Primer pairs with 5’ fluorescein labelled forward primers and unlabelled reverse primers were 
synthesized (Applied Biosystems™, UK) purified using HPLC and desalting and delivered in 
lyophilised.  
 Each individual primer was synthesized at 10 nM scale and a stock solution was prepared for 
each primer by dissolving 100 µl molecular grade distilled water to achieve the concentration of 
100 µM. Stock solutions were stored at -20 °C. 
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Table 5.1 Table showing the re-designing of Mini-INDELs primers from DIPplex kit showing their 
gene accession #, chromosome localization, motif, Amplicon sizes of both kits and decrease in 
size for mini-INDELs primers. 
 
Locus Gene 
accession # 
Chromosome 
localization 
Motif(+DIP) Amplicon 
expected 
size (bp) 
Amplicon 
size in 
DIPplex kit 
(bp) 
Decrease 
in size 
(bp) 
HLD6 rs1610905 16q13 GCAGGACTGGGCACC 97-112 119-134 -22 
HLD39 rs17878444 1p22.1 CCTAAACAAAAATGGGAT 113-131 126-144 -13 
HLD58 rs1610937 5q14.1 AGGA 78-82 137-141 -59 
HLD67 rs1305056 5q33.2 CTACTGAC 77-86 140-148 -63 
HLD84 rs3081400 8q24.12 CTTTC 113-118 137-142 -24 
HLD88 rs8190570 9q22.32 CCACAAAGA 87-96 120-129 -33 
HLD97 rs17238892 13q12.3 AGAGAAAGCTGAAG 79-93 96-110 -17 
HLD99 rs2308163 14q23.1 TGAT 104-108 109-113 -5 
HLD101 rs2307433 15q26.1 GTAG 77-81 131-135 -54 
HLD111 rs1305047 17p11.2 CACA 109-113 122-126 -13 
HLD124 rs6481 22q12.3 GTGGA 88-93 104-109 -16 
HLD125 rs16388 22q11.23 ATTGCC 89-95 129-135 -40 
HLD128 rs2307924 1q31.2 ATTAAATA 98-106 114-122 -16 
HLD131 rs1611001 7q36.2 TTGGGCTTATT 81-94 102-113 -21 
AMEL.X M55418 Xp22.1-22.3 --- 104 --- --- 
AMEL.Y M55419 Yp11.2 --- 110 --- --- 
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Table 5.2 Table showing mini-INDEL primer sequences, along with their labelled fluorescence 
dyes and their working concentrations (* represents tailing of 5 bases to reverse primer of 
HLD67). 
Marker 
(SNP #) 
Primer Sequence dye Concentration 
(µM) 
HLD6 
(rs1610905) 
 
Forward: GGAAGCGGTCTGGAAGTCAG 
Reverse: GGGTACCTCTGAGCTCATCC 
FAM 0.5 
HLD67 
(rs1305056) 
 
Forward: GAGATTTGGAGGACTGTGCATGT 
Reverse: GCTTCTTTCTGCCTCAGAACAAAACTGAAT* 
FAM 0.5 
HLD131 
(rs1611001) 
Forward: TTTTAGGCATTCTAATAGGACTTGTCT 
Reverse: AAACTTCTGTGAAGCTACTCAGTCT 
 
FAM 0.5 
AMELOGENIN Forward: CCCTGGGCTCTGTAAAGAATAGTG-3' 
Reverse:ATCAGAGCTTAAACTGGGAAGCTG-3 
 
FAM 0.5 
HLD39 
(rs17878444) 
Forward: ACCTGACTTACTTGCCCAAAA 
Reverse: CCTTGGTAATTCAGCAACAATCT 
 
VIC 0.5 
HLD101 
(rs2307433) 
 
Forward: TTCTGCCCAATGTTCATCAG 
Reverse: CATGCATGGTGAGCAGGAG 
 
VIC 0.5 
HLD124 
(rs6481) 
 
Forward:  AGGATTCCTGTGTTGGTTAGCA 
Reverse:   TCACGAAGCCACAAGTATTTAC 
 
VIC 0.5 
HLD58 
(rs1610937) 
Forward: CATTTAGGAAGCCAAATAGGATG 
Reverse:   AGTCTGCAGAAAATGGGTCA 
 
NED 0.5 
HLD88 
(rs8190570) 
 
Forward: GAGAAGCATCAGTGTTGGGGA 
Reverse:  TGGGGCTCCACTTTAGTAGTC 
 
NED 0.5 
HLD84 
(rs3081400) 
 
Forward: CTGACTTTGTTGCTAGTTTGTCA 
Reverse: AGGAGCCCTGAATTATGTATCA 
 
NED 0.5 
HLD99 
(rs2308163) 
 
Forward: GTAGAGCTGGAGTTGAGAGTCG 
Reverse: TCAGGAATGGGTTTTGTTGTGG 
 
NED 0.5 
HLD97 
(rs17238892) 
 
Forward: CCTGGGCAACAAGAGTGAA 
Reverse: TCCGGCAGATAAGAAAATCAA 
 
PET 0.5 
HLD111 
(rs1305047) 
 
Forward: TGTTCACTGGCTAAACTATGTGTAT 
Reverse: AGCCCTCAAGTTAAGAATGATTT 
 
PET 0.5 
HLD125 
(rs16388) 
 
Forward: TGCCTCTTCGTCTCATCGAC 
Reverse:  GGTTGGCTCTCGTTGGCAT 
PET 0.5 
HLD128 
(rs2307924) 
 
Forward: ATGGTTACCACCAAGAGTTACATT 
Reverse: CGCTAGCAGAGCTAATGTTTTGA 
 
PET 0.5 
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5.2.7 PCR Primer Optimisation  
All the INDELs were initially optimised as singleplex in order to evaluate single primer efficiency 
and expected amplicon size. In order to optimise singleplex reaction, Platinum multiplex PCR 
master mix (12.5 µl) from Life Technology was used for each reaction and following criteria 
were adopted for other factors; 
(a) Primer concentration = 0.1 µM , 0.3 µM, 0.5 µM 
(b) Annealing temperature = 55 °C , 58 °C, 60 °C 
(c) Input amount of DNA (9947) = 0.3 ng , 0.5 ng , 1.0 ng 
Table 5.3 Table representing three different thermal cycler programs used for the validation of 
mini- INDELs kit. 
 Steps Program A Program B Program C 
Stage A Denaturation 95 °C (2 min) 95 °C (2 min) 95 °C (2 min) 
 
 
 
Stage B 
(30 cycles) 
 
 
 
 
Denaturation 
Annealing 
Extension 
 
 
 
95 °C (30 s) 
55 °C (120 s) 
72 °C (60 s) 
 
 
 
95 °C (30 s) 
58 °C (120 s) 
72 °C (60 s) 
 
 
 
95 °C (30 s) 
60 °C (120 s) 
72 °C (60 s) 
 
Stage C Final Extension 60 °C (60 min) 
 
60 °C (60 min) 60 °C (60 min) 
 
Stage D Hold 4 °C (∞) 4 °C (∞) 4 °C (∞) 
 
 After optimisation as singleplex reaction, the amplification of the 14 mini-INDELs along with 
amelogenin was performed in a single multiplex PCR reaction by using following reaction mix of 
25 µl; 
Platinum master mix (life Technology) = 12.5 µl 
  Primer mix (0.5 µM each primer)   = 2.5 µl 
                DNA (9947A)                         = 5.0 µl 
               Distilled water                        = 5.0 µl 
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The amplification reaction for the multiplex of 14 mini-INDELs and amelogenin was performed 
using a GeneAmp PCR system 9700 thermal cycler (Applied Biosystems™, UK). The thermal 
cycler 9700 was programmed using the conditions outlined in Table 5.4. 
After the cycling protocol was completed, PCR products were stored at –20 °C. 
Table 5.4 Table showing the validated PCR protocol for the mini-INDELs kit. 
 Steps Temperature Time 
Stage A Denaturation 95 °C 2 min 
 
Stage B 
(30 cycles) 
 
Denaturation 
Annealing 
Extension 
 
95 °C 
58 °C 
72 °C 
 
30 s 
120 s 
60 s 
Stage C Final Extension 60 °C 60 min 
Stage D Hold 4 °C ∞ 
5.2.8 Capillary Electrophoresis 
DNA fragment analysis was carried out on ABI 3130XL Prism Genetic Analysers using 36 cm 
capillaries and POP-4 polymer (Applied Biosystems™, UK). The parameters used during 
fragment analysis included, run temperature 60 °C, injection time 10 s, injection voltage 1.6 
kVs, run voltage 15 kV.  
For fragment analysis, samples were prepared by adding 1 μl of PCR product to 8.7 μl of Hi-Di 
formamide and 0.3 μl LIZ 500 size standard (Applied Biosystems™, UK). Thereafter, samples 
were denatured for 3 min at 95 °C and then placed on ice for 3 min. 
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5.2.9 Data Analysis 
The data obtained from the capillary electrophoresis (CE) were analysed using GeneMapper 
Software v4.1 (Applied Biosystems™, UK). The panel and bin setting for mini-INDELs used in 
GeneMapper software are shown below in Tables 5.6 and 5.7. These panels and bins were 
developed to analyse the data for Genetic Analyser (GA) 3130XL. These panels and bins setting 
might vary to analyse data from other instruments like GA 310 and GA 3500. 
Table 5.5 Table showing the Panel settings for mini-INDEL markers including dye colour, size 
(minimum and maximum) and ladder alleles. 
 
 
 
 
Dye Minimum 
Size 
Maximum 
size 
Ladder Alleles 
Blue 77 bp 111 bp D67-, D67+, D131-, D131+, D6-, X , Y , D6+, 
Green 75 bp 130 bp D101-, D101+, D124-, D124+, D122-, D122+, D39-, D39+, 
Yellow 77 bp 116 bp D58-, D58+, D88-, D88+, D99-, D99+, D84-, D84+ 
Red 77 bp 112 bp D97-, D125-, D97+, D125+, D128-, D128+, D111-, D111+, 
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Table.5.6. Table indicating the Bins settings for mini-INDEL alleles for data generated from 
Genetic analyser 3130XL including their position, dyes and width. 
Alleles Bins 
position 
(bp) 
Dyes Bin 
Width 
(bp) 
Alleles Bins 
position 
(bp) 
Dyes Bin 
Width 
(bp) 
D67- 70.5  
 
 
 
Blue 
0.5 D58- 77.5  
 
 
 
Yellow 
0.5 
D67+ 79.5 0.5 D58+ 81.5 0.5 
D131- 80.5 0.5 D88- 85.5 0.5 
D131+ 93.0 0.5 D88+ 94.5 0.5 
D6- 96.0 0.5 D99- 103.0 0.5 
X 102.0 0.5 D99+ 107.0 0.5 
Y 108.0 0.5 D84- 111.0 0.5 
D6+ 110.0 0.5 D84+ 116.0 0.5 
D101- 75.5  
 
 
 
 
 
 
 
Green 
0.5 D97- 77.5  
 
 
 
 
 
 
 
Red 
0.5 
D101+ 79.5 0.5 D125- 87.5 0.5 
D124- 86.5 0.5 D97+ 92.0 0.5 
D124+ 91.5 0.5 D125+ 93.5 0.5 
D122- 100.5 0.5 D128- 96.5 0.5 
D122+ 110.5 0.5 D128+ 104.5 0.5 
D39- 111.5 0.5 D111- 108.0 0.5 
D39+ 129.5 0.5 D111+ 112.0 0.5 
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5.3. RESULTS   
5.3.1 Sequence Alignment   
The Fasta sequences of 14 INDEL markers from different population groups (limited amount of 
sequence data available) were aligned using BioEdit Sequence Alignment Editor (Hall 2011). The 
results of sequence alignment for all of 14 INDEL markers indicated that flanking region around 
the point of insertion or/and deletion are same among different population groups. Figure 5.2 
shows the sequence alignment for HLD 99 marker that clearly depicts the uniform alignment of 
16 nucleotide sequences of flanking regions for HLD 99 marker.  
 
Figure 5.2 Figure showing the alignment of 16 sequences from different population groups for 
HLD 99 (rs2308163) 
5.3.2 Singleplex Optimisation of mini-INDELs  
All of the 14 mini-INDELS markers and the sex discriminating marker, amelogenin were 
optimised using control DNA 9947A at different PCR conditions (Table 5.3) in singleplex 
reactions.  
5.3.2.1 Optimisation of Primer Concentration  
Three different primer concentrations (0.1 µM, 0.3 µM, 0.5 µM) were tested to get the 
optimum concentration. By using 0.1 µM concentration of primer, the peak height was much 
lower than the threshold (100 RFU). The peak height for 0.3 µM was above the threshold but 
peak quality was not good, it was broader than the normal peak. The best peak height and 
quality were observed for 0.5 µM primer concentration (Figure 5.3). 
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Figure 5.3 The original traces showing the optimization results of the amplication of D97 
marker in singleplex form (n = 3) at three different primer concentrations (0.1 µM, 0.3 µM, 0.5 
µM).  
5.3.2.2 Optimisation of Annealing Temperature  
Thermal cycler conditions were optimised in terms of annealing temperature (55 °C, 58 °C, and 
60 °C). At 55 °C and 60 °C, some of the markers were either unable to amplify or have low 
amplification. The optimum amplification of all the INDEL markers occurred only at 58 °C. 
5.3.2.3 Optimisation of Input DNA 
In order to get the optimised quantity of DNA, three different amounts were used (0.3 ng, 0.5 
ng, 1.0 ng). The amplification of most of markers was weak and drop-outs were observed while 
using 0.3 ng amount of input DNA. An input amount of 1 ng was too much for some of the 
markers, which resulted in over amplification in the form of split peaks and other artefacts. 
While 0.5 ng quantity of DNA gave the complete amplification of all the markers (Figure 5.4). 
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Figure 5.4 Original traces showing the optimization results of the amplication of D101 marker in 
singleplex form (n = 3) using three different amounts of DNA (0.3 ng, 0.5ng, 1.0ng). 
In a summary, the best parameters were found to be the primer concentration of 0.5 µM, an 
annealing temperature of 58 °C and a quantity of DNA of 0.5 ng. The product size of all the 
markers was also matched with that of expected size while designing the primers. 
Electropherograms of the final results of individual INDEL marker as singleplex (14 mini-INDELS 
and amelogenin) are shown in Figures (5.5-5.8). 
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Figure 5.5 Original traces showing the electropherograms of the singleplex amplification results 
for the markers of amelogenin, HLD58 and HLD97 after final optimization with primer 
concentration of 0.5 µM, DNA quantity of 0.5 ng and an annealing temperature of 58 °C (n = 3). 
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Figure 5.6 Original traces showing the electropherograms of singleplex amplification results for 
the markers of HLD6, HLD101, HLD88 and HLD125 after final optimization with primer 
concentration of 0.5 µM, DNA quantity of 0.5 ng and an annealing temperature of 58 °C (n = 3). 
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Figure 5.7 Original traces showing the electropherograms of singleplex amplification results for 
the markers of HLD131, HLD39, HLD84 and HLD111 after final optimization with primer 
concentration of 0.5 µM, DNA quantity of 0.5 ng and an annealing temperature of 58 °C (n = 3). 
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Figure 5.8 Original traces showing the electropherograms of singleplex amplification results for 
the markers of HLD67, HLD124, HLD99 and HLD128 after final optimization with primer 
concentration of 0.5 µM, DNA quantity of 0.5 ng and an annealing temperature of 58 °C (n = 3). 
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5.3.3 Development of the Multiplex 
Following optimization as a singleplex, all the individual primers were mixed together in equal 
volumes to achieve a final 0.5 µM concentration for the primer mix. Then, a final amount of 2.5 
µl of primer mix was used along with 12.5 µl of platinum reaction mix (Applied Biosystems™, 
UK) for a 25 µl PCR reaction. Subsequently, all the PCR reactions for concordance study and 
degradation/inhibition study were performed using same volume of reaction mix. 
The control DNA 9947A (0.5 ng) was amplified by using the optimised PCR conditions of 
singleplex i.e. annealing temperature of 58 °C and final primer concentration of 0.5 µM (Figure 
5.10). All the alleles of mini-INDEL markers for control DNA 9947A were fully concordant with 
those of DIPplex markers (see Chapter 4).   
5.3.4. Redesigning of HLD67 reverse primer 
During the analysis of some profiles generated from mini-INDELs kit, it was observed that alleles 
of HLD 131- and HLD 67+ were only one base pair apart which results in split peak pattern. To 
overcome this problem, a tail of 5 bases (TGAAT) was added to the reverse primer of HLD67. 
The primer was re-ordered and optimised again. After new primer was introduced into the 
multiplex, a distance of 3 base pair was observed between alleles of HLD 131- and HLD 67+ 
which resulted in two distinctive peaks (Figure 5.9).     
 
Figure 5.9 Original traces representing the re-arrangement of alleles of HLD67+ and HLD131- by 
adding a tail of 5 bases to reverse primer of HLD67 marker. 
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Figure 5.10 Original traces showing the electropherograms of amplification result of multiplex 
of control DNA9947A after final optimization with primer concentration of 0.5 µM, DNA 
quantity of 0.5 ng and an annealing temperature of 58 °C (n = 3). 
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5.3.5. Development of allelic ladder 
An allelic ladder can be defined as an artificial mixture of available alleles present for a 
particular marker (Sajantila et al. 1992). Using same primers as used for other DNA samples can 
generate the alleles for the ladders. The allelic ladder provides a reference or standard of all 
alleles for each locus (Smith et al. 1995).   
Each marker of mini-INDELs contains a maximum of two alleles in a combination of either allele 
of insertion or deletion (homozygous) or both together (heterozygous). The construction of 
allelic ladder is quite simpler for mini-INDELs due to presence of two types of alleles (insertion 
as + and deletion as -) as compared to STRs, which have multiple alleles (Sajantila et al. 1992; 
Smith et al. 1995). 
In order to construct the allelic ladder for mini-INDELs, those DNA samples must be selected 
which on combining contained all of heterozygous alleles. Then, their quantification must be 
normalized to get the balanced alleles and later on amplified together in a single PCR reaction. 
To produce the additional quantities of allelic ladder of mini-INDELs, its amount must be diluted 
1000 times with deionized water and was re-amplified (Baechtel et al. 1993). The amplified 
product could be detected using capillary electrophoresis with Genetic Analyser 3130XL. The 
data could be analysed using Gene Mapper® ID-X (Figure 5.8). 
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Figure 5.11 Original electropherogram showing all of 30 alleles present in the ladder of mini-
INDELs kit (n = 3). 
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5.3.6. Sensitivity Study 
A sensitivity study was designed to determine the minimum amount of DNA at which samples 
could generate a good quality profile with sufficient peak height ratio and well-balanced peaks. 
The sensitivity study was performed using Genetic analyser 3500. 
DNA samples (9947A) was serially diluted upto amounts of 1 ng, 0.5 ng, 0.25 ng, 0.125 ng, 
0.0625 ng, 0.03125 ng and 0.0156 ng in the replicates of three and they were subjected to 
amplification with Applied Biosystems™ Identifiler Plus®, Applied Biosystems™ Y-Filer®, Applied 
Biosystems™ MiniFiler® and mini- INDELs kits. 
5.3.6.1 Sensitivity Study of Identifiler Plus® Kit 
The sensitivity results from Identifiler plus® indicated that its loci were capable of amplifying 
efficiently upto 0.125 ng with good peak heights without any drop-out (Table.5.7). The drop-
outs were observed in the DNA sample containing 0.0625 ng (4 alleles drop-out), 0.03125 ng 
(10 alleles drop-out) and 0.0156 ng (18 alleles drop-out). Figure 5.12 shows the profiles 
generated from Identifiler Plus® kit for its sensitivity at different amounts of DNA. 
Table 5.7 Table showing the sensitivity results of Identifiler Plus® kit for different quantity of 
input DNA including the number of drop-outs from total number of alleles and average peak 
heights (n =3). 
DNA concentration 
(ng) 
# of alleles drop-out  
(out of 29 alleles) 
Average Peak 
Heights 
( RFU) 
STD. Deviation 
Peak Heights 
( RFU) 
0.0156 18 75 20 
0.03125 10 150 50 
0.0625 4 300 100 
0.125 0 700 150 
0.250 0 1000 200 
0.500 0 1500 350 
1.00 0 3000 600 
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Figure 5.12 Original electropherogram representing the sensitivities results (n = 3) of Identifiler 
Plus® kit using 27 cycles recommended by manufacturer for different amount of DNA (0.0156 
ng- 0.5 ng).  
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5.3.6.2 Sensitivity Study of Y-Filer® Kit 
In this study, the results indicated that Y-Filer® kit shows a different pattern in its sensitivity. It 
showed well-balanced peaks at 0.25 ng and 0.125 ng without any drop outs. While at higher 
amounts of 1 ng and 0.5 ng and at lesser amounts of 0.625 ng and 0.03125 ng, the results 
indicated significant number of drop-outs (Table 5.8). In contrast, the amount of 0.0156 ng 
showed a weak profile with average peak height of 70 RFU and 10 drop outs (Figure 5.13). 
Table 5.8 Table showing the sensitivity results of Y-Filer® kit for different quantity of input DNA 
including the number of drop-outs from total number of alleles and average peak heights (n=3). 
 
 
 
 
 
DNA concentration 
(ng) 
# of alleles drop-out  
(out of 17 alleles) 
Average Peak 
Heights( RFU) 
STD. Deviation 
Peak Heights 
( RFU) 
0.0156 10 70 20 
0.03125 5 300 50 
0.0625 4 600 100 
0.125 0 1000 150 
0.250 0 2000 210 
0.500 7 2500 370 
1.00 11 3500 620 
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Figure.5.13. Original electropherogram representing the sensitivities results of Y-Filer kit (n = 3) 
using 30 cycles recommended by manufacturer for different amount of DNA (0.0156 ng-1.0 ng).  
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5.3.6.3 Sensitivity Study of MiniFiler® Kit 
In this study, the results showed that MiniFiler® kit was more sensitive than that of Identifiler 
Plus® kit as it produces full profiles with good peak heights and without any drop-outs upto 
0.0625 ng. However, the data showed weak amplification of some loci but without any drop-
out for 0.03125 ng. The sample containing 0.0156 ng shows 2 drop-outs of alleles but with good 
peak height (Table 5.9 and Figure 5.14). 
Table 5.9 Table showing the sensitivity results of MiniFiler® kit for different quantity of input 
DNA including the number of drop-outs from total number of alleles and average peak heights 
(n = 3). 
 
 
DNA concentration 
(ng) 
# of alleles drop-out 
(out of 16 alleles) 
Average Peak 
Heights( RFU) 
STD. Deviation 
Peak Heights 
( RFU) 
0.0156 2 400 90 
0.03125 0 800 150 
0.0625 0 1500 400 
0.125 0 2500 550 
0.250 0 5000 700 
0.500 0 8000 850 
1.00 0 12000 950 
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Figure 5.14 Original electropherogram indicating the sensitivities results of MiniFiler® kit (n = 3) 
using 30 cycles recommended by manufacturer for different amount of DNA (0.0156 ng-0.5 ng). 
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5.3.6.4 Sensitivity Study of mini-INDELs Kit 
The sensitivity results of mini-INDELs kit were found to be better than those of all the three Life 
Technology kits. It produces full and balanced profiles for all the samples with good peak 
heights and without any drop-outs. While weak amplification of some loci was observed only 
for sample with 0.0156 ng concentration (Table 5.10 and Figure 5.15). 
Table 5.10 Table showing the sensitivity results of mini-INDELs kit for different quantity of input 
DNA including the number of drop-outs from total number of alleles and average peak heights 
(n = 3). 
 
 
 
DNA concentration 
(ng) 
# of alleles drop-out 
(out of 20 alleles) 
Average Peak 
Heights( RFU) 
STD. Deviation 
Peak Heights 
( RFU) 
0.0156 0 300 40 
0.03125 0 500 80 
0.0625 0 900 190 
0.125 0 1200 250 
0.250 0 3500 470 
0.500 0 4500 600 
1.00 0 11000 1050 
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Figure 5.15 Original electropherogram representing the sensitivities results of mini-INDELs kit  
(n = 3) using 30 cycles for different amount of DNA (0.0156 ng- 0.5 ng).  
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5.3.6.5 Sensitivity Study of Investigator® DIPplex Kit 
The sensitivity test for Qiagen™ Investigator® DIPplex kit was earlier mentioned in Chapter 3. 
The results have indicated that its loci were capable of amplifying efficiently for 0.5 ng with 
good peak heights and quality. But drop outs of 2 alleles were also observed for each of the 
samples 0.3 ng and 0.1 ng (Figure 5.16). 
Table 5.11 Table showing the sensitivity results of Investigator® DIPplex kit for different 
quantity of input DNA including the number of drop outs from total number of alleles and 
average peak heights (n = 3). 
 
 
DNA concentration 
(ng) 
# of alleles drop out  
(out of 13 alleles) 
Average Peak 
Heights( RFU) 
Std. Deviation 
 Peak Heights( RFU) 
0.1 2 900 230 
0.3 2 1500 550 
0.5 0 2500 900 
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Figure 5.16 Original electropherogram represents the sensitivities results of Investigator® 
DIPplex kit (n = 3) using 30 cycles for different amount of DNA (0.01ng-0.5 ng). The figure is 
adopted from Chapter 3.  
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5.3.6. Concordance Study 
A total of 175 DNA samples from four different populations (Qatari, Sudanese, Tunisian and 
Yemeni), previously analysed with Qiagen™ DIPplex kit were processed with mini-INDELs kit to 
assess the concordance. The results showed that the concordance between Qiagen™ 
Investigator® DIPplex kit and mini-INDELs kit was observed in 99.7% (4365 out of 4375) of 
INDEL allele calls. The 10 differences are listed in table 5.12 and they encompass the loci HLD 39 
(n = 1), HLD58 (n = 1), HLD 67 (n = 3), HLD84 (n = 1), HLD97 (n = 1), HLD125 (n = 1) and HLD131 
(n = 2). All other 7 loci and the amelogenin were fully concordant for all the studied samples. 
Four original electropherograms are shown below the concordance and non-concordance 
between both kits (Figures 5.17-5.20). 
Table 5.12 Table showing the details of non-concordant alleles (n = 10) for Investigator® 
DIPplex and mini-INDELs kits. 
Population groups Sample ID Mini INDELs Alleles DIPplex Alleles 
Qatari QAT-001 D125- Null Allele 
QAT-024 D97- Null Allele 
QAT-093 D131+ Null Allele 
QAT-095 D39+ Null Allele 
QAT-098 D67+ Null Allele 
Tunisian TUN-018 Null Allele D84- 
TUN-035 D131+ Null Allele 
TUN-096 D67+ Null Allele 
TUN-097 D67+ Null Allele 
Yemeni YEM-090 Null Allele D58+ 
Sudanese - - - 
  10 non-concordant alleles 
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Figure 5.17 Original electropherogram showing the profile of a Qatari DNA sample (QAT-004) 
using mini-INDELs kit (n = 50) to show the concordance with that of DIPplex kit. 
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Figure 5.18 Original electropherogram showing the profile of a Qatari DNA sample (QAT-004) 
using Investigator® DIPplex kit (n = 100) representing 100% concordance of all alleles with those 
of mini-INDELs kit (circles representing the alleles which are concordant in both kits).  
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Figure 5.19 Original electropherogram showing the profile of a Qatari DNA sample (QAT-001) 
using mini-INDELs kit (n = 50) to show the non-concordance of D125- allele with that of 
Investigator® DIPplex kit. 
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Figure 5.20 Original electropherogram showing the profile of Qatari DNA sample (QAT-001) 
using Investigator® DIPplex kit (n = 100) representing non-concordance of one allele (D125-) 
with that of mini-INDELs kit (circles representing the alleles which are concordant in both kits 
except D125-).  
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5.3.7. Comparison Study with DIPplex kit 
A comparison study was designed to compare the efficiency of Qiagen™ Investigator® DIPplex 
kit and mini-INDELs kit. A total of 25 DNA samples were selected which were previously 
analysed with DIPplex kit with no or little amplification and were subjected to amplification 
with mini-INDELs kit.  
The results showed that mini-INDELs kit was capable of amplifying all of 25 samples efficiently. 
The results of this study clearly have indicated that mini-INDELs kit is more robust and sensitive 
than Investigator® DIPplex kit.  
The profiles from both kits were also tested for peak height ratios. The mean peak height ratios 
and quality of peaks of the profiles generated from mini-INDELs kit were found to be much 
better than those of Investigator® DIPplex kit. 
Figures 5.21 and 5.22 show the two profiles of the same sample (QAT-008). The profile 
generated using Investigator® DIPplex kit showed no amplification of any of the loci except 
some artefacts. On the other hand, when the same sample with same amount of DNA was 
amplified with mini-INDELs, the data produced the complete profile.   
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Figure 5.21 Original electropherogram showing an example of the profile generated from a 
Qatari DNA sample (QAT-008) using Investigator® DIPplex kit (n = 25) that shows no 
amplification of any of the loci except some artefacts. 
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Figure 5.22 Original electropherogram showing an example of the profile from a Qatari DNA 
sample (QAT-008) generated using mini- INDELs kit (n = 25) that shows full amplification of all 
of the loci. 
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5.3.8. Statistical value of 14 mini-INDELs 
The statistical values of 14 mini-INDELs were calculated using the data generated during 
analysis of 30 INDELs from Qiagen DIPplex kit for 500 samples from five different populations 
i.e. Qatari, Pakistani, Tunisian, Yemeni and Sudanese (as 14 markers are common between two 
kits). 
The forensic suitability of the 14 mini-INDEL loci was evaluated for all the five population 
groups in Qatar (Table.5.13). The Combined Power of Discrimination (CPD) for the 14 INDEL loci 
was 0.99999 for all of five populations. The Combined Probability of Match (CPM) was 
calculated in the range of 1.76 x 10-6 (Tunisian) to 7.77 x 10-7 (Yemeni). The Combined 
Probability of Exclusion (CPE) was found to be in the range of 0.9367 (Sudanese) to 0.9633 
(Pakistani). Table 5.13 represents the values of CPD, CPE and CPM for both kits. 
Table 5.13 Table representing the comparison of 15 mini-INDELs with 30 Investigator® DIPPLEX 
INDELs for five different population groups based in Qatar (n = 500). 
 
 
MINI-INDELS (14 Markers)       DIPPLEX INDELS (30 Markers) 
 CPD CPE CPM  CPD CPE CPM 
QATARI 0.999998 0.9420432 7.651E-07  0.9999999 0.9973 1.05E-12 
PAKISTANI 0.999998 0.9633785 1.153E-06  0.9999999 0.9974 8.90E-13 
SUDANESE 0.999938 0.9367869 3.805E-06  0.9999999 0.9963 5.57E-12 
YEMENI 0.999983 0.9378613 7.770E-07  0.9999999 0.9963 7.91E-13 
TUNISIAN 0.999996 0.9550094 1.764E-06  0.9999999 0.9964 9.95E-13 
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5.4. DISCUSSION 
The main objective of this study was to develop a multiplex assay based on Insertion Deletion 
polymorphism that can amplify degraded DNA samples and low quantity samples using shorter 
amplicons. The basic idea for the development of this multiplex was derived from the concept 
of miniplex (reduced size primer sets), which was introduced to address the issue of DNA 
degradation (Butler et al. 2003). 
The sequence data of mini-INDEL markers which were available for different population groups 
from NCBI website were aligned using BioEdit Sequence Alignment Editor (Hall 2011). The 
alignment of these sequences of mini-INDELs was helpful to check that flanking region around 
the point of insertion or/and deletion are same among different population groups. Then, these 
alignments of sequences helped in designing of primers. 
All of 14 mini-INDEL markers were first amplified in singleplex form to determine their primer 
efficiency and expected amplicon size. The markers were optimised in terms of primer 
concentration, annealing temperature and input amount of DNA. The best parameters were 
found to be 0.5 µM of primer concentration, 58 °C annealing temperature and 0.5 ng of input 
DNA. After the optimisation of mini-INDELs as singleplex, the multiplex of 14 INDELs along with 
amelogenin was developed successfully in a single tube reaction. All the markers in the 
multiplex were amplified efficiently with good peak height and expected product sizes. During 
the analysis of some DNA profiles, it was observed that two alleles, HLD67+ and HLD131- were 
only one base apart, which resulted in split peak pattern in the presence of both alleles. To 
address this issue, HLD67 reverse primer was re-designed by adding a tail of 5 bases (TGAAT) to 
it (Ballard et al. 2002). The new reverse primer of HLD67 was re-synthesized and optimised 
again. Later on, both alleles were separated by 3 bases apart and showed two distinctive peaks. 
An allelic ladder was successfully developed by combining all the heterozygous alleles for all of 
14 INDEL markers (Smith et al. 1995; Griffiths et al. 1998). The reproducibility and precision of 
the results from mini-INDELs kit were evaluated by re-analysing the data from different runs to 
determine the consistency of sizing. The consistency of the sizing was tested by analysing the 
average size and standard deviation of all alleles for each DNA sample (Hartzell et al. 2003).  
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It is a common observation during case work analysis that sometime DNA concentration is very 
low even not degraded (Gill et al. 2001). DNA profiling of these low quantity samples results in 
no or little amplification (Schulz et al. 2002). In order to recover possible genetic information in 
this type of scenario, it was presumed that reduced PCR products would improve the chances 
of amplification success (Butler et al. 2003). To test this hypothesis, a sensitivity study was 
performed in which a set of DNA samples were prepared (1 ng, 0.5 ng, 0.25 ng, 0.125 ng, 
0.0625 ng, 0.03125 ng and 0.0156 ng) and then amplified in triplicate with four commercial kits 
(Applied Biosystems™ Identifiler Plus®, Applied Biosystems™ MiniFiler®, Applied Biosystems™  
Y-Filer®  and Qiagen™ Investigator® DIPplex) along with mini-INDELs kit. 
The results of this sensitivity study indicated that mini-INDELs kit was more sensitive than those 
of all the other kits. The mini-INDELs kit was sensitive upto 0.03125 ng with complete and 
balanced profile. The results showed that it amplified more than half of its loci for DNA 
concentration of 0.0156 ng. The possible reason of successful amplication of low quantity DNA 
samples is the presence of shorter amplicons of mini-INDEL kit (< 120 bp except D39 + allele 
which is 130 bp long) while all other kits have larger amplicons. This proved the hypothesis that 
shorter amplicons are more effective in recovering profiles than those of longer amplicons 
(Chung et al. 2004; Grubwieser et al. 2006). 
On the other hand, Applied Biosystems™ Identifiler Plus® kit was sensitive upto 0.125 ng which 
is further confirmed by its sensitivity results generated during its validation. On the other hand, 
other studies showed that it was capable of producing quality profile upto 0.125 ng using 28 
cycles (Collins et al. 2003; Wang et al. 2011). The sensitivity of Identifiler Plus® kit might be 
enhanced using increased number of PCR cycles from the recommended ones (28), but the risk 
of allele drop-out, allele drop-in and contamination would be increased in this case (Schulz et 
al. 2002). 
The validation results of Y-Filer® amplification during its development and later on studies 
showed that it was capable of producing quality profiles for 0.062 ng of DNA (Y-Filer® Manuel; 
Rodig et al. 2008). But the sensitivity study during this research showed different results. The 
results also showed that Y-Filer® was capable of producing quality profiles for the DNA samples 
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of 0.25 ng and 0.125 ng. While drop-outs were observed for higher amounts of 1 ng and 0.5 ng 
and for lesser amounts of 0.625 ng and 0.03125 ng. The possible explanation of this difference 
in sensitivity results for Y-Filer® might be due to the use of detection instruments. The 
sensitivity study of Y-Filer® by manufacturer was done using a Genetic Analyser 3100. The 
sensitivity study in this research was carried out on Genetic Analyser 3500, which is more 
sensitive in detecting DNA fragments due to its more consistent temperature control, presence 
of better laser and CCD camera (Hill and Butler 2010). In addition to difference in detection 
system, Y-Filer® kit in general needs a lesser amount of DNA to amplify as compared to 
autosomal STRs. Thus, less than or more than optimum amount of input DNA might result in 
preferential amplification (Walsh et al. 1992; Chung et al. 2004).          
The validation of the manufacturer (Applied Biosystems™) indicated that MiniFiler® kit was 
sensitive upto 0.062 ng to generate a DNA profile (MiniFiler® manual) and it was also proved in 
this study. Even it amplified partially 0.0125 ng DNA. 
The sensitivity result for Qiagen™ Investigator ®DIPplex kit was not available in its manual, but 
the recommended input of DNA from manufacturer and in other studies (Akhteruzzaman et al. 
2013; Nunotani et al. 2015), was 0.5 ng. It was also proved in this sensitivity study that 0.5 ng 
was the optimum amount needed for its amplification to produce a quality profile.  
A concordance study was carried out between mini-INDELs kit and Qiagen DIPplex kit using 175 
DNA samples from four different populations. The concordance between two kits (for 14 
common markers) was observed in 99.7% INDEL alleles calls. A similar concordance (99.7%) was 
achieved while comparing Applied Biosystems™ Identifiler® and MiniFiler® kits (Hill et al. 2007, 
Mulero et al. 2008, Alenizi et al. 2009). The possible reason of non-concordance of alleles might 
be the presence of insertions or deletions in the flanking region outside the primer binding sites 
(Clayton et al. 2004, Hill et al. 2007). 
Dye blobs were observed during the analysis of some profiles generated from mini-INDELs kit 
(Figure 5.15). The presence of dye blobs are often observed when the PCR products have 
shorter amplicons around 120 bp. Dye blobs are usually the result of incomplete attachment of 
dye molecules during primer synthesis. Dye blobs can easily be distinguished from real peak by 
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its wider and less intense morphology and can be removed by using filtration columns after PCR 
reaction (Butler et al. 2003). 
The use of internal size standard is very critical for accurate genotyping. In this study, LIZ-500 
internal size standard (Applied Biosystems™) was used during the genotyping of mini-INDELs. 
Although, it was recommended to use BTO-550 for the sizing of short amplicons by 
Investigator® DIPplex kit manual, but the sizing of DNA fragments was more precise and 
accurate with LIZ-500 than that of BTO-550. 
During this study, three Genetic analysers (310, 3130XL and 3500XL) were used for the 
detection of PCR products. A comparative study revealed after the analysis of the profiles 
generated from these three instruments that they differ in terms of sensitivity and quality of 
data. For example, a profile that has been generated from Genetic analyser 310 is of average 
peak height of 1000 RFU with artefacts while from Genetic analysers 3130XL and 3500, it might 
have 5000 RFU and 8000 RFU respectively and without any artefacts. The reason of better 
sensitivity and quality of profiles are attributed to more consistent temperature control, solid 
state laser (instead of argon ion laser in GA 310) and multi wave length analyser i.e.  Charge 
Coupled Device (CCD) camera of multi capillaries instruments i.e. 3130XL and 3500 (Hill and 
Butler 2010).  Another observation was made regarding the bin settings of INDEL alleles during 
the comparison of profiles generated from three instruments. There was an average difference 
of 1-2 base pair of bin setting of allele between the profiles generated from GA 310 and GA 
3130XL/3500. For example, if allele D67+ was observed at 84 base pair for the profile generated 
from GA 310 then it might appear at 86 base pair for the profile generated from GA 3130XL. 
This problem was resolved by creating different bin settings for each instrument and was used 
accordingly while analysing the data in GeneMapper ID-X.    
A comparative study was also conducted between kits of mini-INDELs and Qiagen™ 
Investigator® DIPplex using 25 DNA samples. These DNA samples were poorly amplified with 
Investigator® DIPplex kit while full profiles were generated using mini-INDELs kit by using the 
same amount of DNA. These results show that mini-INDELs kit is more sensitive than Qiagen™ 
Investigator® DIPplex kit due to the presence of shorter amplicons (Chung et. al. 2004).  
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The forensic efficiency of mini-INDELs kit was evaluated by calculating Combined Power of 
Discrimination (CPD), Combined Power of Exclusion (CPE) and Combined Probability of Match 
(CPM) for five population groups based in Qatar and then compared with those of Investigator® 
DIPplex kit (Table.5.7). Obviously, due to half number of INDELs markers as compared to 
Investigator® DIPplex kit, all the values of CPD, CPE and CPM were lower but still they were 
significant to be used as supplementary kit. 
5.5. CONCLUSION 
In this study, a new mini-plex of INDELs have been developed which can be used to amplify low 
quantity and degraded DNA samples. Like other commercially developed multiplexes, this 
system has the ability to amplify number of markers in a single tube reaction. While comparing 
to other bi-allelic markers such as SNPs which require additional step for their typing and 
complex interpretation procedures, mini-INDELs system reduces laboratory procedures and can 
be easily implemented in the conventional forensic laboratories with same flow of work which 
is being used for the analysis of conventional STRs. 
In conclusion, it can be said confidently that mini-INDELs system can be incorporated in the 
criminal laboratories as a useful forensic tool and can also be used in conjunction with STRs as a 
complementary tool especially in those cases where low level of DNA and DNA degradation are 
suspected.  
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CHAPTER 6 
APPLICATION OF MINI-INDELS TO THE ANALYSIS OF CHALLENGED 
SAMPLES 
 
 
6.1. OVERVIEW 
Most of the forensic DNA samples collected from crime scene are typically less than ideal. They 
may have been exposed to a harsh environment for longer periods, such as in homicide cases. 
As a result, the DNA samples might be degraded or/and inhibited severely. Due to the 
deterioration of DNA, forensic scientists can find it difficult to successfully process these 
challenged samples. The forensic DNA profiling of these degraded and inhibited DNA samples 
can result in loss of signal, allele drop-out and imbalance alleles (Chung et al. 2004).  
The inhibited DNA samples often produce partial profile with drop outs of larger amplicons that 
look similar to a degraded DNA sample. Thus, failure of larger loci to amplify can be either due 
to DNA degradation (not enough DNA templates) or due to PCR inhibition (preventing the 
polymerase activity). The use of smaller amplicons (such as mini-INDELs) might aid in recovery 
of genetic information in both of these cases (Opel et al. 2008). In this Chapter, an effort was 
made to investigate the application of mini-INDELs (reduced size amplicons) on a set of 
artificially prepared degraded and inhibited samples. 
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6.1.3 Objectives 
This Chapter has the following objectives: 
(a) To determine the rate of DNA degradation in blood samples in relation to ADD °C following 
environmental insult.  
(b) To evaluate the efficiency of mini-INDELs amplification kit by applying it to the set of 
challenged samples (degraded and inhibited) prepared under controlled conditions. 
(c) To compare the efficiency of mini-INDELs kit with that of commonly used commercial STR 
kits (Identifiler Plus® and MiniFiler® from Applied Biosystems™) by using same set of artificially 
degraded and inhibited DNA samples. 
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6.2. Methods and Materials 
6.2.1 Preparation of degraded DNA samples by using environmental insults 
In this study, 5 µl and 10 µl of fresh blood were deposited on cloth and metal surfaces 
respectively. Samples were placed outdoor for the duration (3 months) of the experiment 
during the months of June, July and August and the temperature was measured in terms of 
accumulated degree-days (ADD °C). Samples were collected every 3-6 days and extracted using 
the phenol chloroform isoamyl protocol described in Chapter 2. 
Extracted DNA samples were subjected to quantification by using Human Quantifiler® Trio 
according to the manufacturer’s recommended protocols (Applied Biosystems™).  
6.2.2 Preparation of degraded DNA samples by chemical means 
Chemical degradation of DNA was achieved by adding different amounts of NaClO (bleach) and 
H2O2 (Hydrogen Peroxide) to 1 ng of control DNA 9947A (Table 6.1). 
 Table 6.1 Table showing the two selected reagents used to induce chemical degradation along 
with their concentrations, which were added to control DNA 9947A used for experiments. 
 
Degradation agents 
 
Concentration (Percentage) 
NaClO (bleach) 0.15,0.3,0.4,0.5,0.6, 0.8 
H2O2 (Hydrogen peroxide) 0.1,0.2,0.3,0.4, 0.6 
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6.2.3 Preparation of samples by inducing PCR inhibitions  
PCR inhibited samples were prepared by using ethanol and phenol as inhibiting agents. 
Different concentrations of both reagents were added to 1 ng of control DNA 9947A (Table 6.2).  
Table 6.2 Table showing the two selected inhibiting agents along with their concentrations that 
were added to induce inhibition to control DNA 9947A used for experiments. 
 
Inhibiting agents 
 
Concentration (Percentage) 
Ethanol 5.0,7.5,8.5,10 
Phenol 0.07,0.09,0.11,0.16,0.25 
 
The downstream procedures which include extraction of DNA samples, quantification, 
amplification and fragment analysis have been described in Methods and Materials (Chapter 2).  
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6.3 RESULTS 
6.3.1 Effect of DNA degradation using environmental insults 
Based on the quantification results (Figure 6.1 and Table 6.3), by using Applied Biosystems™ 
Human Quantifiler® Trio, the DNA samples were selected (collected after 43, 58, 68, 76, 80 and 
84 days) and subjected to amplification. A volume of 10 μl of DNA template from each selected 
sample was used in total PCR reaction volume of 25 μl. The amplification on the set of degraded 
samples was performed using Applied Biosystems™ Identifiler Plus®, Applied Biosystems™ 
MiniFiler® and Mini-INDELs kits. The summary of the amplification results from all of the three 
kits is shown in Table 6.4. Figures 6.2-6.4 show the electropherograms of the amplification 
results of three kits and in each electropherogram, same RFU values (at Y-axis) are selected to 
clearly understand the amplification efficiency (like in Figure 6.2 for Identifiler Plus ® result, 410 
RFU is selected for all electropherograms). 
The results from the Identifiler Plus® amplification indicated that DNA samples subjected to 
environmental insults for 43 and 58 days were able to generate complete profiles with good 
quality and peak height. Moreover, weak amplification with drop-outs at larger loci was 
observed for the sample for 68 days. While samples from 76, 80 and 84 days were poorly 
amplified with almost all of alleles dropping out (Figure 6.2 and Table 6.4). 
The MiniFiler® kit was able to amplify effectively all the selected DNA samples without any 
drop-outs and good peak heights except for 84 days which has drop out of two alleles from the 
total of 9 alleles (Figure 6.3 and Table 6.4). 
Mini-INDELs kit was also capable of amplifying all of samples efficiently except DNA sample 
exposed for 84 days, which has 3 drop outs of total 20 alleles (Figure 6.4 and Table 6.4).  
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Table 6.3 Table Indicating the details of the experiment designed to demonstrate the effect of 
environmental insults on the DNA  samples including the dates of collection, number of days 
subjected to environmental insults, accumulated degree days (ADD° C)  and quantification 
results from DNA samples  deposited on metal (10 μl of blood) and cloth (5 μl of blood). Shaded 
portions indicate the selection of those DNA samples which were used for downstream 
applications i.e. amplification and fragment analysis. 
Collection 
Dates 
Number of 
DAYS 
ADD° C Quantification (ng) 
Metal 
Quantification (ng) 
Cloth 
17/06/15 0 42 12. 10 7.49 
20/06/15 3 171 9.16 5.12 
23/06/15 6 296 8.41 2.77 
26/06/15 9 421 7.65 1.74 
29/06/15 12 544 7.03 1.39 
02/07/15 15 661 6.62 1.30 
05/07/15 18 780 5.53 1.03 
08/07/15 21 915 4.15 0.82 
11/07/15 24 1045 3.67 0.67 
14/07/15 27 1175 3.07 0.62 
17/07/15 30 1303 2.69 0.39 
23/07/15 36 1565 2.05 0.18 
30/07/15 43 1862 1.95 0.10 
03/08/15 47 2039 1.63 0.09 
06/08/15 50 2166 0.97 0.07 
11/08/15 55 2374 0.64 0.04 
14/08/15 58 2497 0.22 0.03 
18/08/15 62 2653 0.03 0.02 
24/08/15 68 2909 0.01 0.02 
01/09/15 76 3256 0.00 0.017 
05/09/15 80 3439 0.00 0.010 
09/09/15 84 3598 0.00 0.008 
15/09/15 90 3860 0.00 0.00 
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Figure 6.1 Bar diagram Indicating the quantification of DNA samples subjected to 
environmental insult using the substrates of metal and cloth in relation to accumulated degree 
days (ADD °C) and number of days.   
Table 6.4 Table showing the effects of DNA degradation in relation to ADD ° C on the 
amplification results of Identifiler Plus® (ID+), MiniFiler® (MF) and mini-INDELs (MINI) kits. The 
number of drop-outs from total number of alleles and average peak heights are also shown. 
# of Days DNA concentration (ng) # of alleles drop-outs  
 
Average Peak Heights 
( RFU) 
ID+ MF MINI ID+ MF MINI 
43 0.10 0/29 0/9 0/20 350 1500 2500 
58 0.03 01/29 0/9 0/20 150 1000 1500 
68 0.02 12/29 0/9 0/20 75 500 1000 
76 0.017 25/29 0/9 0/20 50 250 500 
80 0.010 26/29 0/9 0/20 <50 125 300 
84 0.008 29/29 2/9 3/20 <50 75 100 
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Figure 6.2 Original electropherograms generated from selected DNA samples using 10 μl 
(subjected to environmental insults) using Applied Biosystems™ Identifiler Plus® kit, (n = 3). 
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Figure 6.3 Original electropherograms generated from selected DNA samples using 10 μl 
volume (subjected to environmental insults) using Applied Biosystems™ MiniFiler® kit, (n = 3). 
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Figure 6.4 Original electropherograms generated from selected DNA samples using 10 μl 
volume (subjected to environmental insults) using mini-INDELs kit, (n = 3). 
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6.3.2 Effect of chemical degradation by using Bleach 
Bleach was introduced to a set of control DNA (9947A) samples with varying percentages of 
0.15, 0.3, 0.4, 0.5, 0.6 and 0.8 respectively for 15 minutes. The amplification was performed 
using PCR kits of Applied Biosystems™ Identifiler Plus®, Applied Biosystems™ Mini filer® and 
mini-INDELs. 
The results from the Identifiler Plus® amplification shows that DNA samples subjected to bleach 
concentration from 0.15% to 0.5% were able to generate complete profiles with reasonable 
peak heights and without any drop-outs. While DNA samples containing 0.6% and 0.8% bleach, 
were unable to amplify at all (Figure 6.5 and Table 6.5). 
MiniFiler® kit was able to amplify effectively complete set of DNA samples with added different 
concentration of bleach without any drop-outs (Figure 6.6 and Table 6.5). 
Mini-INDELs kit also amplifies all of the bleach added DNA samples except with that of 0.8% 
which has large number of allele drop-outs (Figure 6.7 and Table 6.5). 
Table 6.5 Table showing the effects of chemical degradation (by using bleach) on the 
amplification results of Identifiler Plus (ID+), MiniFiler (MF) and mini-INDELs (MINI) kits. The 
number of drop-outs from total number of alleles and average peak heights are also shown. 
Bleach concentration added 
to PCR reaction 
(Percentage) 
# of alleles drop-outs  
 
Average Peak Heights 
(RFU) 
ID+ MF MINI ID+ MF MINI 
0.15 0/29 - - 900 - - 
0. 3 0/29 - - 700 - - 
0.4 0/29 - - 500 - - 
0.5 0/29 0/9 0/20 250 3000 1000 
0.6 29/29 0/9 0/20 <50 1500 800 
0. 8 29/29 0/9 16/20 <50 700 300 
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Figure 6.5 Original electropherograms generated from DNA samples (after adding different 
concentrations of bleach) using Applied Biosystems™ Identifiler Plus® kit, (n = 3). 
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Figure 6.6 Original electropherograms generated from DNA samples (after adding different 
concentrations of bleach) using Applied Biosystems™ MiniFiler® kit, (n = 3). 
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Figure 6.7 Original electropherograms generated from DNA samples (after adding different 
concentrations of bleach) using mini-INDELs kit, (n = 3). 
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6.3.3 Effect of chemical degradation by using Hydrogen Peroxide 
Another set of DNA samples were prepared to study chemical degradation which was achieved 
by introducing different concentrations (0.1%, 0.2%, 0.3%, 0.4% and 0.6%) of hydrogen 
peroxide to a set of control DNA (9947A) for 15 minutes. The PCR kits of Applied Biosystems™ 
Identifiler Plus®, Applied Biosystems™ MiniFiler® and Mini-INDELs were employed to amplify 
this set of challenged DNA samples. 
The results from the Identifiler Plus® amplification shows that DNA samples subjected to 
hydrogen peroxide concentration of 0.1% were able to amplify partially (about 50% of loci 
amplified), while samples with concentration more than 0.1% were unable to amplify at all 
(Figure 6.8 and Table 6.6). 
MiniFiler® kit was able to amplify all of its loci without any drop-outs while using hydrogen 
peroxide concentration of 0.1%. While for DNA sample with concentration of 0.2%, weak 
amplification with a single drop-out and with sloping pattern of alleles from shorter to longer 
amplicons was observed. While the samples with concentration more than 0.2% could not 
amplify at all (Figure 6.9 and Table 6.6). 
Mini-INDELs kit was able to amplify only samples with 0.1% hydrogen peroxide. While other 
samples with higher concentrations were unable to amplify at all (Figure 6.10 and Table 6.6). 
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Table 6.6 Table showing the effects of chemical degradation (using hydrogen peroxide) on the 
amplification results of Identifiler Plus® (ID+), MiniFiler® (MF) and Mini-INDELs (MINI) kits. The 
numbers of alleles drop-out and average peak heights are also shown. 
 
 
Figure 6.8 Original electropherograms generated from DNA samples (after adding different 
concentrations hydrogen peroxide) using Applied Biosystems™ Identifiler Plus® kit, (n = 3). 
H2O2 concentration added 
to PCR reaction  
(Percentage)  
# of alleles drop-outs  
 
Average Peak Heights 
(RFU) 
ID+ MF MINI ID+ MF MINI 
0.1 18/29 0/9 0/20 100 2000 250 
0. 2 - 1/9 20/20 - 800 <50 
0.3 28/29 6/9 20/20 50 50 <50 
0.4 - 9/9 20/20 - <50 <50 
0.6 29/29 9/9 20/20 <50 <50 <50 
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Figure 6.9 Original electropherograms generated from DNA samples (after adding different 
concentrations Hydrogen peroxide) using Applied Biosystems™ MiniFiler® kit, (n = 3). 
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Figure 6.10 Original electropherograms generated from DNA samples (after adding different 
concentrations Hydrogen peroxide) using mini-INDELs kit, (n = 3). 
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6.3.4 Effect of Inhibition using ethanol 
Ethanol is a commonly encountered PCR inhibitor which in case of its presence in elution results 
in no or little quantitation of DNA. During this experiment, ethanol was introduced in different 
concentrations (5.0%, 7.5%, 8.5% and 10%) to a set of control DNA (9947A) samples. Later on, 
these samples were amplified using PCR assays of Identifiler Plus®, Mini filer® and mini INDELs. 
The results from all of three tested kits (Identifiler Plus®, Mini filer® and mini-INDELs) were 
quite similar while amplifying ethanol inhibited DNA samples. All of three PCR assays were able 
to amplify only sample with 5% ethanol and for other higher concentrations, they could not 
amplify even a single locus (Table 6.7 and Figures 6.11-6.13). 
Table 6.7 Table showing the effects of inhibition (using ethanol) on the amplification results of 
Identifiler Plus® (ID+), MiniFiler® (MF) and mini-INDELs (MINI) kits. The number of drop outs 
from total number of alleles and average peak heights are also shown. 
 
 
 
 
 
 
 
Ethanol concentration added 
to PCR reaction  (Percentage ) 
 
# of alleles drop-outs  
 
 
Average Peak Heights 
(RFU) 
ID+ MF MINI ID+ MF MINI 
5.0 0/29 0/9 0/20 1000 1000 1000 
7.5 29/29 9/9 20/20 <50 <50 <50 
8.5 29/29 9/9 20/20 <50 <50 <50 
10 29/29 9/9 20/20 <50 <50 <50 
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Figure 6.11 Original electropherograms generated from DNA samples (after adding different 
concentrations of ethanol) using Applied Biosystems™ Identifiler Plus® kit, (n = 3). 
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Figure 6.12 Original electropherograms generated from DNA samples (after adding different 
concentrations of ethanol) using Applied Biosystems™ MiniFiler®, (n = 3). 
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Figure 6.13 Original electropherograms generated from DNA samples (after adding different 
concentrations of ethanol) using mini-INDELs, (n = 3). 
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6.3.4 Effect of Inhibition using Phenol 
Phenol is an important ingredient of organic based DNA extraction. Its presence in the eluted 
DNA may result in no amplification. During this experiment, ethanol was introduced in different 
concentrations (0.07%, 0.09%, 0.11%, 0.16% and 0.25%) to a set of control DNA (9947A) 
samples. Later on, these samples were amplified using PCR kits of Identifiler Plus®, MiniFiler® 
and mini-INDELs. 
The results from the Identifiler Plus® amplification showed that DNA samples subjected to 
0.07%, 0.09% and 0.11% phenol were able to generate quality profiles. While DNA samples with 
more than 0.11% concentration were unable to amplify at all (Figure 6.14 and Table 6.8). 
MiniFiler® kit was unable to amplify any of DNA samples contaminated with phenol (Figure 6.15 
and Table 6.8). 
While mini-INDELs kit showed a weak amplification of all the samples containing phenol with 
low peak heights and number of drop-outs (Figure 6.16 and Table 6.8). 
Table 6.8 Table showing the effects of inhibition (using phenol) on the amplification results of 
Identifiler Plus® (ID+), MiniFiler® (MF) and mini-INDELs (MINI) kits. The number of drop-outs 
from total number of alleles and average peak heights are also shown. 
 
Phenol concentration added 
to PCR reaction 
 (Percentage) 
# of alleles drop-outs  
 
Average Peak Heights 
(RFU) 
ID+ MF MINI ID+ MF MINI 
0.07 0/29 9/9 14/20 800 <50 80 
0.09 0/29 9/9 14/20 650 <50 65 
0.11 0/29 9/9 14/20 500 <50 60 
0.16 29/29 9/9 14/20 <50 <50 55 
0.25 29/29 9/9 14/20 <50 <50 50 
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Figure 6.14 Original electropherograms generated from DNA samples (after adding different 
concentrations of phenol) using Applied Biosystems™ Identifiler Plus® kit, (n = 3). 
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Figure 6.15 Original electropherograms generated from DNA samples (after adding different 
concentrations of phenol) using Applied Biosystems™ MiniFiler® kit, (n = 3). 
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Figure 6.16 Original electropherograms generated from DNA samples (after adding different 
concentrations of phenol) using mini-INDELs kit, (n = 3). 
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6.4 DISCUSSION 
This study was conducted to compare the amplification efficiency of three PCR assays i.e. 
Identifiler Plus® (Applied Biosystems™), MiniFiler® (Applied Biosystems™) and mini-INDELs kit 
to address the issue of degradation and inhibition. Moreover, this study was carried out by 
designing different experiments keeping in view of real casework scenario.  
In the first sequence of experiments, blood-stains were deposited on metal and cloth for three 
months (June, July and August) in Qatar and were exposed to environmental insults. The 
temperature was calculated in terms of accumulated degree-days (Larkin et al. 2010).  It was an 
attempt to mimic the crime scene situations where blood stains can remain under the sun for 
long period before they are found by the Police. 
The Forensic Scientists often encountered evidence in which biological samples are subjected 
to cleaning agents. Bleach (NaClO) and hydrogen peroxide (H2O2) are the two commonly used 
cleaning agents used in daily life. Even the presence of their minute quantities in forensic 
samples might be detrimental to DNA molecule and can lead to its severe degradation (Prince 
et al. 1992; Driessens et al. 2009). Second sequence of experiments was performed to 
determine the effects of bleach and hydrogen peroxide using different concentrations on the 
DNA samples.  
While in the third sequence of experiments, phenol and ethanol were used which are the 
necessary ingredients of organic method of extracting the DNA (Wallace 1987). Phenol is a part 
of a mixture of phenol-chloroform-isoamyl alcohol in which components of cell are distributed 
in three layers after cell lysis from which DNA is suspended in the aqueous layer. Then, this 
aqueous layer containing DNA is transferred to new tubes and should be washed with washing 
to remove any residual phenol. If not washed adequately, small traces of phenol might remain 
in eluted DNA which can inhibit during amplification process. Ethanol is used to precipitate DNA 
from its aqueous form during extraction process.  Ethanol is mostly used in those cases when 
the volume of DNA elution needs to be concentrated.  Before eluting DNA with TE buffer, if not 
properly dried, it’s presence like phenol can inhibit amplification of DNA.     
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 The selection of PCR assays for this study was another important task. Three amplification kits 
were selected for this purpose and they included Identifiler Plus® (Applied Biosystems™), 
MiniFiler® (Applied Biosystems™) and mini-INDELs kit (developed during this research). The 
Identifiler Plus® kit is the widely used PCR assay in the routine forensic laboratories in different 
parts of the world. It has 15 autosomal STR markers along with amelogenin (size ranging from 
75 bp to 450 bp) and it is used for the analysis of case-work (either regular or challenged) and 
database samples (Identifiler Plus® manual). In contrast, MiniFiler® kit is a complementary kit of 
Identifiler Plus® kit. It has 8 autosomal STR markers along with amelogenin (size ranging from 
75 bp to 230 bp) and it is employed in those cases where high molecular weight amplicons from 
Identifiler Plus® kit are unable to amplify, so that the lost loci can be possibly recovered (Butler 
et al. 2007). Mini-INDELs kit, which has been developed during this research, is included in this 
comparative study to evaluate its efficiency and robustness based on its short amplicons 
(ranging from 75 bp to 130 bp) to genotype the degraded and inhibited DNA samples. 
In the first set of degraded samples, where DNA samples were subjected to environmental 
insults in relation to ADD °C (Larkin et al. 2010) for three months, the results indicated that 
blood samples were degraded completely within three months. The effect of environmental 
temperature on the quality and quantity of DNA is very negative and amount of DNA available 
for amplification decreases with increasing temperature (Itani et al. 2011). The temperature 
above 37 °C and 100 % humidity can cause DNA degradation in a short time of 12-16 weeks 
(Dixon et al. 2006).   
The amplification results of the samples subjected to environmental insults clearly indicate that 
mini-INDELs kit leads the other two PCR kits (Identifiler Plus® and MiniFiler®) in terms of 
completeness of profiles. The DNA samples degraded by environmental insults for 76, 80 and 
84 days respectively were unable to generate any profile using Identifiler Plus® kit. While 
MiniFiler® kit produces profiles for 76 and 80 days, but some drop-outs were observed for 
sample exposed for 84 days. On the other hand, mini-INDELs were capable of amplifying all of 
degraded samples which shows its better ability to amplify the degraded DNA samples 
following environmental insults. The most likely reason for mini-INDELs kit to behave better 
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than those of STRs is due to its small amplicons (75-130 bp). It was proven in other studies as 
well that amplification efficiency increases as size of amplicon decreases (Utsuno 2004). On the 
other hand, both Identifiler Plus® and MiniFiler® kits have larger amplicons (in the ranges of 75-
400 bp and 75-220 bp respectively) which resulted in the loss of alleles for higher base pair loci. 
The results in this study can also be supported by other studies in which it was proven that 
smaller amplicons of biallelic markers such as SNP and INDELs are amplified better than longer 
amplicons of STR in case of DNA degradation (Gill et al. 1998).   
For the second set of degraded samples, the degradation was achieved by adding two oxidizing 
agents i.e. bleach and hydrogen peroxide in different concentrations. Both MiniFiler® and mini-
INDELs kits were found better when amplifying samples treated with bleach and hydrogen 
peroxide than Identifiler Plus®. Previous studies also indicated that increasing concentrations of 
these cleaning agents reduces the chances of recovery of DNA profiles (Harris et al. 2006; Passi 
et al. 2012). 
Regarding the inhibition study, it was ideal to use a number of common inhibitors for the study 
but due to limited resources, only two inhibitors could be tested. PCR inhibition was introduced 
to a set of DNA samples using different concentrations of ethanol and phenol. The set of DNA 
samples contaminated with ethanol were able to amplify only with 5% concentration for all of 
three kits. Mini-INDELs show weak amplification for higher concentration than 5%, but the 
results were blow threshold. The amplification efficiency of Identifiler Plus® kit was better than 
those of MiniFiler® and mini-INDELs while applying on DNA samples contaminated with phenol. 
It amplifies the samples with 0.07%, 0.09% and 0.11% phenol. On the other hand, MiniFiler® 
was unable to amplify any of DNA samples mixed with phenol. Mini-INDELs again show weak 
amplification with low threshold. It is not easy to determine the possible explanation of 
Identifiler Plus® kit performing better than those of MiniFiler® and mini-INDELs, but possibly the 
presence of better buffer composition and Taq Gold polymerase (Eckhart et al. 2000; Identifiler 
Plus® Manual) and better interaction of polymerase during primer extension (Smith et al. 2002) 
and high melting points of the primers (Chung 2004) might contribute for its better 
performance.  
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Inspite of a number of ways to tackle DNA inhibition, little is known regarding their 
mechanisms. Three possible mechanisms of inhibition have been proposed which include their 
interaction with DNA template, their binding with polymerases (Bickley et al. 1996; Eckhart et 
al. 2000), and their interaction with polymerases during primer extension. At the same time, 
each type of inhibitor has different way of affecting the amplification process e.g. collagen, 
calcium and tannic acid inhibit the Taq polymerase and compete with magnesium (Bickley et al. 
1996; Scholz et al. 1998), humic acid binds to DNA thus reducing the available sequence of DNA 
for amplification (Young et al. 1993) and hematin and melanin appears to inhibit polymerase 
activity during primer extension (Akane et al. 1994; Larkin et al. 1999). 
A number of methods have been developed to address the issue of degradation and inhibition 
during PCR amplification which includes use of bovine serum albumin (Chung 2004), dilution of 
problematic DNA samples (Opel et. al. 2006), use of Microcon filters (Merck Millipore) and silica 
columns (Yang et al. 1998) during extraction process which can help to some extent in retaining 
larger fragments and eliminating degraded fragments (Noren et al. 2013) and use of Centri-Sep 
columns (ThermoFisher Scientific™). Another approach has been applied by using reduced size 
PCR products to recover lost loci from degraded and inhibited samples. There are many 
amplification kits available in the market that can enhance the recovery of DNA profiles from 
degraded and inhibited DNA samples. STR based MiniFiler® (Applied Biosystems™), PowerPlex® 
ESI and ESX (Promega™) and INDEL based Investigator® DIPplex (Qiagen™) kits are among those 
available systems, being used by forensic scientists to process compromised DNA samples. 
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6.5 CONCLUSION 
This study was designed to investigate the efficiency of three different PCR assays to address 
the issue of DNA degradation and PCR inhibition. Degradation and Inhibition agents were 
carefully selected keeping in view real case-work scenarios. The results clearly indicated that in 
most of cases, mini-INDELs kit was found very efficient in comparison to Identifiler Plus® and 
MiniFiler® kits while applying on the degraded samples. On the other hand, mini-INDELs kit was 
not very effective for the selected inhibiting agents. A thorough study is needed to check the 
efficiency of mini-INDELs on commonly encountered PCR inhibitors. In conclusion, it can be said 
that mini-INDELs kit can be confidently used as an alternative and/or complementary tool while 
suspecting degradation in DNA samples. In the cases where DNA samples are possibly inhibited, 
mini-INDELs kit can also be tried to recover the genetic information, but it is recommended to 
optimise it with common PCR inhibitors, before applying it on the case work inhibited samples. 
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CHAPTER 7 
GENERAL DISCUSSION AND FUTURE WORK 
__________________________________________________________________ 
7.1. GENERAL DISCUSSION 
Most of the forensic DNA profiling revolves around the short tandem repeats (STRs) in the 
modern forensic laboratories. The requirement of small quantity of DNA (< 1ng), ability of 
multiplexing and being polymorphic, make STRs ideal markers for human identification 
(Schmerer et al. 1999; Butler 2003). But STRs have some shortcomings which include their 
inability to be typed in degraded and inhibited samples, difficulty in mixture interpretation and 
high mutation rates (Weber et al. 2002; Li et al. 2011; Manta et al. 2012; LaRue et al. 2012). 
Single nucleotide polymorphisms (SNPs) are another type of genetic markers that help forensic 
scientists in deriving the genetic information from forensic DNA samples. The presence of 
smaller amplicons, low mutation rates and absence of stutter products are important features, 
which make them easier to analyze than STRs in degraded DNA (Nachman and Crowell 2000; 
Brion et al. 2005; Dixon et al. 2006). But due to less discrimination power, multiple steps 
procedure and complex interpretation (Philips et al. 2007), their use in routine forensic 
laboratories is limited. Another type of markers named as Insertion Deletion Polymorphisms 
(INDELs) has been gaining importance by forensic scientists. This is due to their combined 
advantages of STRs and SNPs, which include the presence of shorter amplicons, low mutation 
rates, better mixture interpretation and routine genotyping techniques (Romanini et al. 2012; 
Borsting et al. 2013; Cereda et al. 2014).  
7.1.1. Focus of research  
This study aimed to estimate the forensic efficiency of autosomal INDELs in Qatar with the 
possibility of their use as a complementary tool in conjunction with STRs and to evaluate their 
potential role in the recovery of genetic information from challenged DNA samples (degraded 
or/and inhibited ones).  
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In order to achieve these goals, in the first stage, a total of 500 individuals belonging to five 
different nationalities (Qatari, Pakistani, Sudanese, Tunisian and Yemeni) were genotyped with 
30 autosomal INDELs using Investigator DIPplex® kit (Qiagen™). The reason to select Qiagen™ 
based kit was that a lot of the world’s populations with different ethnic origins had already 
been genotyped with it (Friis et al. 2011; Larue et al. 2012; Manta et al. 2012; Pinto et al. 2013; 
Zaumsegel et al. 2013; Ferreira et al. 2015; Nunotani et al. 2015). Hence it was convenient to 
compare the forensic efficiency of 30 INDELs data generated during this study to other 
published results.  
7.1.2. Forensic value of INDELs 
The statistical data generated from 30 autosomal INDELs revealed that there was no deviation 
from Hardy-Weinberg Equilibrium and no evidence of linkage disequilibrium for all of 30 
markers after Bonferroni’s correction. Therefore, the INDEL markers can be considered as 
independent markers to use for statistical calculations for forensic purposes (Weir et al. 1984). 
The forensic parameters of 30 INDELs for five tested populations were very similar to other 
populations typed by Investigator® DIPplex kit (Da Silva et al. 2013; Wei et al. 2013; Pepinski et 
al. 2013; Ferreira et al 2015). The Combined Power of Discrimination (CPD) for the 30 INDEL loci 
was 0.9999999 for all of five populations, which is a satisfactory value for forensic purpose. The 
Combined Probability of Match (CPM) was calculated in the order of 10-12 to 10 -13 which is 
higher than 8 mini-STRs in Minifiler® kit (10-8 to 10-9), but less than that of 15 STRs of Identifiler 
Plus® (10-15 to  10-16) and 52 SNPs from SNPforID (10-17 to  10-20) (Pereira et al. 2009). 
7.1.3. INDELs as Ancestry Informative Markers 
In this study, an attempt was made to derive ancestry information from the genetic data 
generated during this research. The analysis of INDELs data using Structure software, failed to 
differentiate the tested populations into five groups. The maximum likelihood calculated by 
Evanno approach (Evanno et al. 2005) was observed, when K = 2. The reason of failure to 
differentiate populations in this case is due to the use of 30 autosomal INDELs that were 
selected for identification purpose rather than to derive ancestry information and there was 
little differentiation of the tested populations. While selecting genetic markers for identification 
purpose, the criteria are based on the fact that they should have comparable allele frequency 
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among different populations. On the other hand, ancestry informative markers are selected on 
the basis of their variable allele frequencies among different population groups (Pfaff et al. 
2004).  
7.1.4. STRs as Ancestry Informative Markers 
At the same time, the genetic data of STRs generated during this study, was also attempted to 
derive ancestry information for five population groups in Qatar. Unlike INDELs, the Structure 
results for STRs data indicated the presence of four populations i.e. K = 4 which were closer to 
the number of tested populations i.e. 5. The different outcome of Structure analysis of STRs can 
be attributed to their polymorphic nature of markers (Gill 2002). The pairwise FST data showed 
a close relatedness of Qatari and Yemeni that can be explained by the similar possible similar 
population origin. Moreover, a Y chromosome study by Cadenas et al. (2008) indicated that 
Qatari and Yemeni populations shared similar Y-haplogroups. Hence, if these two populations 
are considered as single unit, then the value of K derived from STR data seems quite accurate. 
7.1.5. Factors affecting ancestry derivation 
In addition to comparable allele frequency pattern of identification INDELs, sample size and 
self-declared nationality might be two other factors which can influence ancestry derivation. 
Even it was suggested that 100-150 samples from each population could be enough to calculate 
profile frequencies (Chakraborty 1992), but it would be better to have larger sample size 
(sample size of 100 was used for each population in this study) to determine the number of 
populations and sub-populations accurately. Especially, if population origin of the donor of DNA 
samples might be different from the declared one, which can result in discontinuities during 
statistical calculations (Serre et al. 2004) and ultimately poor assignment of population. At the 
same time, the presence of substructures in the main populations might result in wrong 
deduction of ancestry information. For accurate measurement of ancestry, greater loci or 
samples would be required (Rosenberg et al. 2001).  
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7.1.6. Multiplexes of INDELs 
In addition to Investigator® DIPplex kit (Qiagen™), other INDELs multiplex have also been 
developed. Some have been developed for forensic identification purposes while others as 
ancestry informative markers. Recently, a multiplex has been developed with a combination of 
INDELs and STRs (DIP-STR) that has helped to resolve the unbalanced mixtures efficiently 
(Oldoni et al. 2015; Pinto et al. 2015). Following investigator® DIPplex kit, INDELs data  have 
also been generated for 38 INDELs multiplex using different populations (Pereira et al. 2009) 
and they are being used for different forensic applications (Manta et al. 2011; Pinto et al. 2012; 
Saiz et al. 2014; Martínez-Cortés et al. 2015; Ferragut et al. 2015; Santarita et al. 2015). A 
number of ancestry based INDEL panels have been developed and applied successfully for the 
inference of ancestry of different populations (Santos et al. 2010; Francez et al. 2011; 
Zaumsegel et al. 2012; Li et al. 2011; Pereira et al. 2012; Romanini et al. 2014; Lopes et al. 
2014).  A comparative study was performed by 34-plex SNP test with SNaPshot and 46-plex 
INDELs. The superiority of 46 INDELs was proved in terms of peak balance of heterozygotes and 
thus better ability to resolve mixtures (Santos et al. 2015). Similar to SNPforID, an online 
forensic INDELs tool named as forInDel (Santos et al. 2015), has been created by calculating the 
allele frequency of 7 major populations including African, European, East Asian, Native 
American, Oceanian, Middle Eastern, South Asian, using 46 AIM-INDELs (Pereira et al. 2012). 
The genotype of forensic sample of unknown origin can be typed and inference of possible 
ancestry information will be returned. 
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7.1.7. Mini-INDELs; A solution for DNA degradation 
After proving the forensic efficiency of INDELs to use for DNA case-work, the next stage was set 
to develop a multiplex PCR assay based on Insertion Deletion polymorphism (INDELs) which can 
address the issue of DNA degradation. This is encountered commonly in forensic laboratories. 
To achieve this goal, 14 autosomal INDEL markers were selected and primers were designed for 
them, keeping in view that they could perform efficiently on degraded DNA samples. The 
multiplex of 14 INDELs was developed and optimized in a single tube reaction. All the markers 
were amplified adequately with good peak balance and expected amplicon sizes. The sensitivity 
of mini-INDELs was found upto 0.03125 ng of genomic DNA with complete and balanced 
profiles. A concordance study was carried out between mini-INDELs kit and Investigator 
DIPplex® kit (Qiagen™) for the common loci. The concordance between two kits was observed 
in 99.7% INDEL alleles. The possible reason of non-concordance of alleles is most likely to point 
mutation or insertion or/and deletion in the flanking region of primer binding site (Drabek et al. 
2004; Hill et al. 2007). 
The efficiency of mini-INDELs PCR assay was evaluated on a set of artificially degraded DNA 
samples (degradation was achieved by environmental insults and chemical reagents). The 
successful typing of degraded samples through mini-INDELs kits can be attributed to their 
smaller PCR products as it was proved that PCR efficiency increases as amplicon size decreases 
(Utsuno 2004). Also, the outcomes of different studies strengthened the fact that as 
degradation rate increases, there are more chances of amplifying smaller fragments of DNA  
than longer ones (Takahashi et al. 1997).  
The amplification efficiency of mini-INDELs kit was also tested with simulated inhibited DNA 
samples (induced by ethanol and phenol). Although the possibility of the presence of ethanol 
and phenol as PCR inhibitors in DNA samples become limited now as new and automated 
protocols of extracting DNA have been developed and implemented in the forensic 
laboratories. But some laboratories still choose organic extraction method and in this case, 
there might be possibility of carry-over of either phenol or ethanol in the eluted DNA. The 
amplification results of simulated inhibited samples with phenol and ethanol, were not very 
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encouraging with mini-INDELs kit rather Identifiler Plus kit® (Applied Biosystems™) perform 
better than mini-INDELs. The reasons of Identifiler Plus kit® amplifying better for 
phenol/ethanol inhibited samples might be due to the presence of Taq Gold polymerase and 
better buffer composition  (Eckhart et al. 2000; Identifiler Plus manual), polymerase interaction 
during primer extension  (Smith et al. 2002) and high melting points of the primers (Chung et al. 
2004).  
7.1.8. Next Generation Sequencing and forensic DNA profiling 
Next generation sequencing (NGS) provides a latest genetic tool for forensic DNA analysis. It is 
now possible to analyze a combination of different genetic markers (autosomal STRs, Y-STRs, 
SNPs, INDELs, mtDNA) in a single experiment, which cannot be done by using standard PCR and 
CE systems (Børsting and Morling 2015). Although most of NGS work has been done on SNPs, 
but STRs being integral part of regular forensic DNA analysis, cannot be ignored. STR typing 
using next generation sequencing also helped in different scenario of forensic casework. While 
next generation sequencing of STRs, it was observed that about 30% of the homozygous allele 
calls by capillary electrophoresis turned out to be heterozygous (Rockenbauer et al. 2014). The 
sequencing of STRs by NGS technology helped in determining exact number of repeats and 
ultimately makes it simpler to interpret mixtures. It becomes easier now to differentiate 
between real minor contributor peaks and stutter peaks of STR mixtures through NGS 
(Dalsgaard et al. 2013).  
Applied Biosystems™ offers two commercial NGS kits (Identity panel and Ancestry panel) based 
on SNPs by using Ion torrent™ PGM system. At the same time, a panel of core STRs named as 
HID STR 10-plex (based on loci which are less than 170 base pairs) has been released for initial 
testing. In its preliminary results, it has been proved successful in typing degraded samples 
(Fordyce et al. 2014). On the other hand, Illumina® has launched its multiplex NGS kit called as 
Forenseq™ DNA signature which can amplify 27 autosomal STRs, 8 X-STRs, 25 Y-STRs, 95 
autosomal SNPs for human identification, 56 autosomal SNPs for ancestry and 24 autosomal 
SNPs for pigmentary traits. Forenseq™ kit can be used on Illumina® MiSeq FGx platform. Due to 
its recent launch, Forenseq™ kit is still under testing in different labs. 
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One important feature of NGS platform is the possibility of making custom based panel like 
available commercial panels. Forensic scientists or organizations can make their own custom 
panel for any combination of genetic markers and can use either of platform (Illumina® MiSeq 
FGx platform or Applied Biosystems™ Ion torrent™ PGM system) to analyze the data in shorter 
time and cost effectively. As a lot of research is being done on INDELs, it is now possible to 
create an INDEL panel containing as many as markers (identity or/and AIMs), to generate huge 
amount of population data using NGS platform.  
The major disadvantage of using NGS technology as a regular genetic tool in a routine forensic 
laboratory is due to their longer procedures, which take 2-3 days. There is also a need of 
developing the sophisticated software (to analyze NGS data conveniently) and a proper system 
of reporting (Treangen et al. 2012).    
7.2. Conclusions 
After a thorough statistical analysis of INDELs, It can be concluded that they are sufficiently 
polymorphic and can be used for forensic purposes. The possible forensic applications where 
INDELs can be applied include genotyping for degraded and low level DNA samples, mixture 
interpretation and deficient paternity cases. These applications can be attributed due to their 
shorter amplicons, absence of stutter products and low mutation rates. 
Autosomal INDELs contained in Investigator® DIPplex kit (Qiagen™) are not ideal markers for 
population differentiation due to their comparable allele frequencies present in different 
populations. 
The mini-INDELs kit developed during this study, provides an efficient solution for the recovery 
of genetic information from challenged DNA samples. The validation studies performed on 
mini-INDELs during this study showed that they are very effective in deriving the lost genetic 
information from compromised DNA samples. Hence, they can be employed confidently in 
conjunction with STRs as a complementary tool in regular forensic case-work, especially in 
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those cases where low level of DNA (such as touch DNA) and DNA degradation (such as in mass 
disaster cases) are suspected.  
As a conclusion, it can be said confidently that INDELs in general and mini-INDELs in particular 
can be used as useful forensic tools to help in solving forensic DNA casework.  
7.3. Limitations 
During this research, a successful effort was made to calculate forensic value of INDELs by using 
five populations based in Qatar. But if more populations could be included in this study, 
forensic efficiency of INDELs can be evaluated in a better way. 
Although, Mini-INDELs kit contains 14 markers along with sex discriminating amelogenin and 
have sufficient polymorphic value but still more markers could be accommodated to increase 
its forensic value.  
During this study, a comprehensive study was performed to evaluate the efficiency of mini-
INDELs to type challenged samples. If more variety of challenged samples (such as different 
types of inhibited samples) could be included then better evaluation of mini-INDELs kit could be 
done. 
During concordance study between Investigator® DIPplex kit and mini-INDELs kit, a total of 10 
non-concordant alleles were detected. It would be ideal to investigate the exact reason of non-
concordance of these alleles by sequencing them. 
7.4. Recommendations 
The climate of the GCC States (Saudi Arabia, United Arab Emirates, Kuwait, Oman, Bahrain and 
Qatar), is like tropical desert and especially in summers when the weather is extremely hot and 
humid, temperature reach upto 50 °C. DNA samples exposed to longer period at this high 
temperature on the crime scenes might result in severe DNA degradation. It would be a 
challenging task to recover the genetic information lost from these challenged samples. There 
should be some protocols, which need to be implemented properly in order to recover as much 
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as possible genetic information from these challenged samples. Starting from crimes scene 
collection, it is necessary that crime scene officers are trained adequately to understand the 
processes of sample collection, preservation and transportation, so that the quality of collected 
forensic evidence will not be compromised. Initial screening and sampling procedures of 
evidences during examination of forensic evidences inside laboratory should be performed 
carefully making the possibility of any type of contamination minimum. Suspecting DNA 
degradation or/and inhibition, proper and optimized extraction method should be chosen. Any 
modification in the normal standard operational procedures should not be made without prior 
validation. The use of additional tools like Microcon, silica column or Centricep during 
extraction of DNA can be made depending on the quality of sample. Use of Quantifiler® human 
Trio (Applied Biosystems™) or any other available quantification tool can be used which can 
help in assessing the quality and quantity of DNA based on degradation index or/and internal 
positive control (IPC) values. After quantification, DNA quantities can be normalized depending 
on the results and PCR should be performed by using routine STR chemistry. If the PCR result of 
STRs shows the signs of either degradation or inhibition such as differential or preferential 
amplification or no amplification, then supplementary amplification tools such as mini-STRs and 
other available tools can be tried to recover the lost loci. Mini-INDELs kit developed in this 
study can be used as an alternative tool to type the degraded samples.       
7.5. FUTURE WORK 
According to Qatar statistics (2015), a total of 63 nationalities are currently residing in Qatar 
including Indian (24 %), Nepalese (17 %), Qatari (12 %), Pilipino (9%), Egyptians (8 %), 
Bangladeshis (7%), Pakistanis (2.5%), Sri Lankans (1.5%) and many others. In order to use 
INDELs in the regular forensic case work stream like STRs, more populations based in Qatar, can 
be included in the future studies and their forensic efficiency and other statistical parameters 
can be evaluated.  
Mini-INDELs kit can be extended to accommodate more INDEL markers in its multiplex. 
Additional INDEL markers can improve the forensic efficiency of the existing ones. 
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During this study, an effort was made to evaluate the PCR efficiency of mini-INDELs to type 
degraded and inhibited DNA samples at a limited scale. In order to get better evaluation of 
mini-INDELs kit to address the issues of DNA degradation/inhibition, different types of 
degrading and inhibiting DNA samples can be tested which can give better understanding about 
the types of forensic challenged samples which can be successfully typed with mini-INDELs. 
Different Ancestry informative INDELs multiplexes have been developed and applied to some 
populations to estimate their ethnic origins (Pablo et al. 2011; Zaumsegel et al. 2012; Pereira et 
al. 2012). These AIMS-INDELs can be applied to the known populations’ samples available in 
Qatar to estimate their ancestry information. 
Another emerging tool, Next generation sequencing (NGS) can possibly be used to analyse 
INDELs (for the purposes of identification and derivation of ancestry information) by using a 
large number of samples conveniently and cost-effectively. At the same time, NGS can help in 
the investigation of the situations including non-concordance between alleles generated from 
mini-INDELs and investigator® DIPplex kits during this study where INDELs are needed to be 
sequenced.  
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Appendix 1 : Ethical approval letter from the University of Central Lancashire’s  
STEM Ethics Committee. 
 
4 December 2013 
 
 
Will Goodwin / Majid Bashir 
School of Forensic & Investigative Sciences 
University of Central Lancashire 
 
 
Dear William / Majid 
 
Re: STEM Ethics Committee Application 
Unique reference Number: STEM 155 
 
 The STEM ethics committee has granted approval of your proposal application ‘Population studies of 
autosomal INDELS for different sub population groups in Qatar’.   
 
Please note that approval is granted up to the end of project date or for 5 years, whichever is the 
longer.  This is on the assumption that the project does not significantly change in which case, you 
should check whether further ethical clearance is required. 
 
We shall e-mail you a copy of the end-of-project report form to complete within a month of the 
anticipated date of project completion you specified on your application form.   This should be 
completed, within 3 months, to complete the ethics governance procedures or, alternatively, an 
amended end-of-project date forwarded to roffice@uclan.ac.uk together with reason for the extension. 
 
Yours sincerely  
 
 
 
Kevin Butt 
Vice Chair 
STEM Ethics Committee 
 
NB - Ethical approval is contingent on any health and safety checklists having been completed,  and 
necessary approvals as a result of gained. 
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Appendix 2 : Locus-specific information of the Identifiler Plus Kit 
 
     
  
 
9947A 
 
Dyes  
 
Alleles 
 
Location 
 
Loci 
13,13 FAM 8, 9 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 8 D8S1179 
30,30 FAM 24, 24.2, 25, 26, 27, 28, 28.2, 29, 29.2, 
30,30.2, 31, 31.2, 32, 32.2, 33, 33.2, 34, 
34.2, 35, 35.2, 36, 37, 38 
21q11.2-q21 D21S11 
10,11 FAM 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 7q11.21-22 D7S820 
10,12 FAM 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 5q33.3-34 CSFIPO 
14,15 VIC 12, 13, 14, 15, 16, 17, 18, 19 3p D3S1358 
8,9.3 VIC 4, 5, 6, 7, 8, 9, 9.3, 10, 11, 13.3 11p15.5 TH01 
11,11 VIC 8, 9, 10, 11, 12, 13, 14, 15 13q22-31 D13S317 
11,12 VIC 5, 8, 9, 10, 11, 12,13, 14, 15 16q24-qter D16S539 
19,23 VIC 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 
25,26, 27, 28 
2q35-37.1 D2S1338 
14,15 NED 9, 10, 11, 12, 12.2, 13, 13.2, 14, 14.2, 
15, 15.2, 16, 16.2, 17, 17.2 
19q12-13.1 D19S433 
17,18 NED 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 
22,23,24 
12p12-pter VWA 
8,8 NED 6, 7, 8, 9, 10, 11, 12, 13 2p23-2per TPOX 
15,19 NED 7, 9, 10, 10.2, 11, 12, 13, 13.2, 14, 14.2, 
15,16, , 17, 18, 19, 20, 21, 22, 23, 24, 
25, 26, 27 
18q21.3 D18S51 
XX PET X, Y X: p22.1-22.3 
Y: p11.2 
Amelogenin 
XX,XY 
11,11 PET 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 5q21-31 D5S818 
23,24 PET 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 
26.2,27, 28, 29, 30, 30.2, 31.2, 32.2, 
33.2, 42.2,43.2, 44.2, 45.2, 46.2, 47.2, 
48.2, 50.2, 51.2 
4q28 FGA 
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Appendix 3 : Locus-specific information of the Investigator® DIPplex Kit. 
 
DIP locus  localization SNP ID Motif (+DIP) 
DIPplex Blue 
Amel. X 
Amel. Y 
HLD77 
HLD45 
HLD131 
HLD70 
HLD6HLD111 
HLD58 
HLD56 
 
Xp22.1-22.3 
Yp11.2 
7q31.1 
2q31.1 
7q36.2 
6q16.1 
16q1317p11.2 
5q14.1 
4q25 
 
M55418 
M55419 
rs1611048 
rs2307959 
rs1611001 
rs2307652 
rs1610905rs1305047 
rs1610937 
rs2308292 
 
TAAG 
CACG  
TGGGCTTATT 
AGCA 
GCAGGACTGG 
GCACC 
CACA 
AGGA 
TAAGT 
DIPplex Green 
HLD118 
HLD92 
HLD93 
HLD99 
HLD88 
HLD101 
HLD67 
 
20p11.1 
11q22.2 
12q22 
14q23.1 
9q22.32 
15q26.1 
5q33.2 
 
rs16438 
rs17174476 
rs2307570 
rs2308163 
rs8190570 
rs2307433 
rs1305056 
 
CCCCA 
GTTT 
ACTTT 
TGAT 
CCACAAAGA 
GTAG 
CTACTGAC 
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DIPplex Yellow  
HLD83 
HLD114 
HLD48 
HLD124 
HLD122 
HLD125 
HLD64 
HLD81 
 
8p22 
17p13. 
32q11.2 
22q12.3 
21q22.11 
22q11.23 
5q12.3 
7q21.3 
 
rs2308072 
rs2307581 
rs28369942 
rs6481 
rs8178524 
rs16388 
rs1610935 
rs17879936 
 
AAGG 
TCCTATTCTA 
CT CTGAAT 
GACTT 
GTGGA 
GAAGTCTGAGG 
ATTGCC 
GACAAA 
GTAAGCATTGT 
DIPplex Red 
HLD136 
HLD133 
HLD97 
HLD40 
HLD128 
HLD39 
HLD84 
 
22q13.1 
3p22.1 
13q12.3 
1p32.3 
1q31.3 
1p22.1 
8q24.12 
 
rs16363 
rs2067235 
rs17238892 
rs2307956 
rs2307924 
rs17878444 
rs3081400 
 
TGTTT 
CAACCTGGATT 
AGAGAAAGCTG
AAG 
GGGACAGGTG
G 
CCACTAGGAGA 
ATTAAATA 
CCTAAACAAAA
ATGGGATCTTTC 
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Appendix 4 : Allele frequency of 15 STRs in Life Technology™ Identifiler® Plus. 
 
 
 D21S11 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
8 0.5% 0.5% 0.0% 0.5% 1.5% 
9 1.0% 0.0% 1.5% 0.0% 0.0% 
10 5.5% 12.5% 4.0% 8.0% 5.5% 
11 9.0% 8.5% 9.0% 14.0% 10.0% 
12 20.0% 12.5% 9.0% 19.5% 12.0% 
13 20.5% 19.5% 25.5% 14.0% 30.5% 
14 16.5% 19.0% 24.0% 19.5% 17.5% 
15 18.0% 20.0% 19.5% 19.0% 17.5% 
16 7.0% 7.0% 4.5% 4.5% 4.0% 
17 1.5% 0.5% 2.0% 1.0% 1.5% 
18 0.5% 0.0% 1.0% 0.0% 0.0% 
 
 CSF1PO 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
7 0.5% 0.0% 0.5% 0.0% 1.0% 
8 1.0% 0.0% 3.5% 0.5% 3.0% 
9 2.5% 1.5% 3.0% 4.5% 2.5% 
10 31.0% 22.0% 34.0% 25.0% 26.0% 
11 31.5% 31.0% 26.0% 34.0% 35.0% 
12 27.5% 33.5% 29.0% 32.5% 28.5% 
13 5.0% 10.0% 2.5% 3.5% 3.5% 
14 1.0% 2.0% 1.5% 0.0% 0.5% 
 
 
 
 
 
 
205 
 
 D7S820 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
26 0.0% 1.0% 0.0% 0.0% 0.5% 
27 2.0% 2.0% 3.5% 3.5% 4.0% 
28 16.0% 15.0% 13.5% 13.0% 7.0% 
29 26.0% 16.5% 33.0% 24.5% 27.5% 
30 22.5% 17.5% 21.5% 17.5% 26.0% 
31 5.0% 5.5% 3.0% 6.5% 5.5% 
32 0.5% 1.0% 2.0% 0.5% 1.5% 
33 0.0% 0.0% 0.5% 0.0% 0.0% 
34 0.0% 0.0% 0.5% 0.5% 0.5% 
35 0.5% 0.0% 3.5% 1.0% 1.0% 
36 0.0% 0.0% 2.5% 0.5% 0.0% 
37 0.0% 0.0% 1.5% 0.0% 0.0% 
25.3 0.0% 0.0% 0.5% 0.0% 0.0% 
29.2 0.0% 1.0% 0.0% 0.0% 0.0% 
30.2 0.5% 3.0% 1.0% 1.0% 1.0% 
31.2 10.0% 15.5% 4.5% 6.5% 6.0% 
32.2 10.0% 15.5% 5.5% 19.0% 10.5% 
33.2 7.0% 6.0% 3.5% 5.0% 6.5% 
34.2 0.0% 0.5% 0.0% 1.0% 2.5% 
 
 D3S1358 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
13 0.0% 0.0% 1.0% 0.0% 0.5% 
14 5.5% 3.5% 5.0% 6.5% 5.5% 
15 19.0% 31.5% 31.5% 19.5% 29.5% 
16 32.5% 28.0% 28.0% 25.0% 27.5% 
17 29.0% 22.5% 26.0% 33.0% 27.0% 
18 13.5% 14.0% 8.0% 15.0% 9.5% 
19 0.5% 0.5% 0.5% 0.5% 0.5% 
15.2 0.0% 0.0% 0.0% 0.5% 0.0% 
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 TH01 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
6 38.0% 31.5% 19.0% 28.0% 20.0% 
7 15.5% 22.5% 40.5% 18.5% 21.5% 
8 7.0% 17.0% 5.5% 14.0% 16.0% 
9 24.5% 15.0% 27.0% 28.5% 27.0% 
10 0.5% 1.5% 2.5% 0.0% 3.5% 
11 0.0% 0.0% 0.0% 0.0% 0.0% 
12 0.0% 0.0% 0.0% 0.0% 0.0% 
13 0.0% 0.0% 0.0% 0.0% 0.0% 
9.3 14.5% 12.5% 5.5% 11.0% 12.0% 
 
 D13S317 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
<8 0.0% 1.5% 0.0% 0.0% 0.0% 
8 10.5% 16.5% 12.0% 20.5% 7.0% 
9 5.0% 7.5% 6.5% 3.0% 4.0% 
10 6.5% 9.0% 5.0% 6.0% 5.5% 
11 27.5% 30.0% 26.0% 20.5% 28.0% 
12 36.0% 25.0% 36.0% 35.0% 37.0% 
13 12.5% 8.5% 7.5% 6.5% 13.5% 
14 2.0% 2.0% 7.0% 8.5% 4.5% 
>15 0.0% 0.0% 0.0% 0.0% 0.5% 
 
 D16S539 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
8 3.5% 7.5% 4.5% 3.0% 3.0% 
9 12.5% 13.5% 16.5% 12.5% 13.0% 
10 6.5% 5.0% 9.5% 7.0% 8.0% 
11 40.5% 33.5% 31.0% 43.0% 35.5% 
12 21.0% 31.0% 24.0% 20.5% 22.5% 
13 13.5% 8.0% 12.5% 11.0% 16.0% 
14 2.5% 1.5% 2.0% 3.0% 2.0% 
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 D2S1338 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
15 0.0% 0.0% 0.0% 0.0% 0.5% 
16 7.0% 1.5% 4.5% 8.0% 3.5% 
17 20.5% 8.5% 19.0% 19.0% 27.5% 
18 14.5% 14.0% 9.5% 12.5% 10.0% 
19 11.5% 16.5% 19.5% 13.0% 9.5% 
20 17.5% 12.0% 11.0% 15.0% 18.0% 
21 6.5% 3.5% 5.5% 6.0% 7.0% 
22 3.0% 5.5% 8.0% 4.5% 6.0% 
23 6.5% 19.0% 9.5% 6.5% 8.0% 
24 5.5% 12.0% 6.5% 11.5% 7.5% 
25 5.0% 6.5% 7.0% 4.0% 2.5% 
26 1.5% 1.0% 0.0% 0.0% 0.0% 
27 1.0% 0.0% 0.0% 0.0% 0.0% 
 
 D19S433 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
9 0.0% 0.0% 0.5% 0.0% 0.5% 
10 0.0% 0.0% 0.0% 0.0% 0.0% 
11 1.5% 0.0% 2.0% 1.5% 0.0% 
12 12.5% 7.0% 10.5% 10.0% 15.0% 
13 21.0% 23.5% 24.5% 16.5% 28.5% 
14 23.5% 29.5% 28.5% 25.0% 24.0% 
15 15.0% 8.5% 10.5% 16.0% 18.0% 
16 10.0% 8.0% 3.0% 3.0% 3.5% 
17 0.5% 2.0% 1.0% 0.0% 0.5% 
12.2 1.0% 0.5% 0.5% 0.0% 0.0% 
13.2 3.0% 2.5% 5.5% 6.5% 1.0% 
14.2 4.0% 4.5% 4.0% 7.5% 4.0% 
15.2 4.5% 11.0% 6.0% 9.5% 3.5% 
16.2 3.5% 3.0% 3.0% 4.0% 0.0% 
17.2 0.0% 0.0% 0.5% 0.0% 1.5% 
>17.2 0.0% 0.0% 0.0% 0.5% 0.0% 
 
 
 
208 
 
 vWA 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
13 0.5% 1.5% 0.0% 0.0% 0.5% 
14 6.0% 10.5% 14.0% 5.5% 14.0% 
15 13.0% 10.5% 15.5% 10.5% 16.5% 
16 24.0% 25.0% 26.5% 26.5% 24.5% 
17 24.5% 23.0% 18.5% 27.5% 24.0% 
18 21.5% 17.5% 17.0% 22.5% 15.0% 
19 9.0% 10.0% 6.0% 7.0% 4.5% 
20 1.0% 2.0% 2.0% 0.5% 0.5% 
21 0.5% 0.0% 0.5% 0.0% 0.0% 
22 0.0% 0.0% 0.0% 0.0% 0.5% 
 
 TPOX 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
6 1.0% 0.0% 0.5% 0.0% 1.5% 
7 0.0% 0.0% 0.0% 0.0% 0.5% 
8 50.0% 44.0% 44.0% 57.5% 42.5% 
9 16.0% 11.0% 28.0% 9.5% 17.5% 
10 9.0% 7.5% 11.0% 15.0% 11.0% 
11 22.5% 33.5% 15.0% 17.5% 22.5% 
12 1.5% 4.0% 1.5% 0.5% 4.5% 
 
 D5S818 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
8 1.5% 0.0% 13.5% 0.5% 2.0% 
9 4.0% 4.5% 3.5% 7.5% 5.0% 
10 13.0% 10.0% 9.0% 13.0% 7.0% 
11 27.5% 31.0% 18.0% 22.5% 25.5% 
12 33.5% 36.0% 34.5% 40.5% 39.5% 
13 17.5% 17.5% 20.0% 14.5% 20.5% 
14 3.0% 1.0% 1.5% 1.0% 0.5% 
15 0.0% 0.0% 0.0% 0.5% 0.0% 
  
209 
 
 
 D18S51 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
9 0.5% 0.0% 0.5% 0.0% 0.0% 
10 0.5% 0.0% 0.0% 0.0% 1.0% 
11 1.5% 2.5% 1.5% 2.5% 1.5% 
12 16.0% 11.0% 13.0% 16.0% 13.5% 
13 22.0% 11.5% 9.5% 16.0% 13.5% 
14 11.5% 24.0% 11.5% 21.0% 13.5% 
15 12.0% 14.5% 13.0% 10.5% 8.5% 
16 9.5% 13.5% 10.5% 10.5% 13.5% 
17 8.5% 9.0% 13.5% 9.5% 13.5% 
18 10.0% 5.5% 10.0% 9.5% 8.5% 
19 4.0% 5.5% 5.5% 2.5% 6.5% 
20 1.5% 1.5% 5.5% 1.0% 3.5% 
21 0.0% 1.0% 1.0% 1.0% 2.5% 
22 0.5% 0.0% 1.5% 0.0% 0.5% 
23 0.5% 0.5% 0.5% 0.0% 0.0% 
15.2 1.0% 0.0% 0.0% 0.0% 0.0% 
16.2 0.5% 0.0% 0.5% 0.0% 0.0% 
11.2 0.0% 0.0% 1.0% 0.0% 0.0% 
10.2 0.0% 0.0% 0.5% 0.0% 0.0% 
18.2 0.0% 0.0% 1.0% 0.0% 0.0% 
 
 
 
 
 
 
 
 
 
 
210 
 
 FGA 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
17 0.5% 0.0% 0.0% 0.0% 0.0% 
18 0.5% 0.0% 1.5% 0.5% 0.5% 
19 4.5% 5.0% 6.0% 6.0% 6.0% 
20 10.0% 8.0% 6.0% 7.5% 8.0% 
21 8.0% 12.5% 8.5% 15.5% 16.0% 
22 17.0% 20.0% 16.5% 13.0% 20.5% 
23 17.0% 15.5% 18.0% 18.0% 17.0% 
24 22.0% 16.5% 14.0% 21.5% 16.0% 
25 11.0% 12.5% 12.0% 10.0% 11.0% 
26 4.0% 4.5% 3.5% 5.5% 3.0% 
27 1.0% 2.0% 4.0% 1.5% 1.0% 
28 1.0% 0.0% 4.5% 0.5% 0.0% 
29 0.5% 0.0% 4.5% 0.5% 0.5% 
30 0.0% 0.0% 1.0% 0.0% 0.0% 
18.2 0.5% 0.0% 0.0% 0.0% 0.0% 
19.2 1.0% 0.0% 0.0% 0.0% 0.0% 
20.2 0.0% 0.5% 0.0% 0.0% 0.0% 
21.2 0.5% 1.0% 0.0% 0.0% 0.0% 
22.2 1.0% 1.5% 0.0% 0.0% 0.5% 
24.2 0.0% 0.5% 0.0% 0.0% 0.0% 
 
 D8S1179 
 QATARI PAKISTANI SUDANESE YEMENI TUNISIAN 
7 0.5% 0.0% 0.5% 0.0% 1.0% 
8 1.0% 0.0% 3.5% 0.5% 3.0% 
9 2.5% 1.5% 3.0% 4.5% 2.5% 
10 31.0% 22.0% 34.0% 25.0% 26.0% 
11 31.5% 31.0% 26.0% 34.0% 35.0% 
12 27.5% 33.5% 29.0% 32.5% 28.5% 
13 5.0% 10.0% 2.5% 3.5% 3.5% 
14 1.0% 2.0% 1.5% 0.0% 0.5% 
 
